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Abstract 
Polycyclic arenes are an important class of organic molecules with promising 
semiconducting properties. Their relatively low cost, band-gap tunability, and ease of 
fabrication render them suitable for a host of applications for the next-generation 
optoelectronics devices. The biggest challenge to realize the full potential of organic 
semiconductors is the chemical synthesis of atomically precise polycyclic aromatics. The 
current strategies to assemble these materials heavily rely on transition-metal catalyzed 
cross-coupling reactions of prefunctionalized arenes, which in a way limit the vision of 
material scientists when search for potential compounds. This thesis describes a 
complementary synthetic approach to polycyclic aromatic products from polyynes via the 
hexadehydro-Diels–Alder (HDDA) reaction. The HDDA reaction is a variant of the 
classic Diels–Alder reaction, which generates pristine benzyne intermediates purely 
thermally. This mechanistically intriguing transformation also has served as a great 
platform for many discoveries of fundamentally new reactivities. Here multiple aspects of 
the HDDA reaction are discussed: (1) reaction of perylenes with HDDA-benzynes and 
photochemical HDDA reactions, (2) accessing other reactive intermediates via HDDA-
generated benzynes, (3) copper(I)- and BF3- catalyzed trapping reactions of benzynes, (4) 
rapid construction of polyacenes via the domino HDDA reaction, and (5) a cascade 
strategy for using classically generated benzynes as in situ diynophiles for accessing 
HDDA-naphthynes. 
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Chapter 1. Overview of Benzyne in Organic Synthesis 
1.1 A Brief History of Benzyne. 
1,2-Benzyne (101) has been one of the most well-studied and versatile reactive 
intermediates in organic chemistry because of the avenues it provides toward the 
synthesis of important benzenoids.1 The existence of benzyne was speculated since more 
than a century ago, and evidence for its existence was first reported by Roberts in early 
1950s by using a non-classic 14C isotope labeling experiment.2 In the structure of benzyne, 
the p orbitals necessarily are highly distorted in order to accommodate the triple bond, 
which renders benzyne highly unstable. As a result, the two sp-hybridized carbons can be 
rapidly and simultaneously functionalized in a single operation in the presence of a 
trapping reagent.  
Scheme 1. Methods for Generation of Benzyne (101). 
 
                                                
1 (a) Chen, Y.; Larock, R. C. In Modern Arylation Methods; Ackermann, L., Ed.; Wiley-VCH: Weinheim, 
2009; pp 401–473. (b) Tadross, P. M.; Stoltz, B. M. A Comprehensive History of Arynes in Natural Product 
Total Synthesis. Chem. Rev. 2012, 112, 3550–3577. (c) Gampe, C. M.; Carreira, E. M. Arynes and 
Cyclohexyne in Natural Product Synthesis. Angew. Chem., Int. Ed. 2012, 51, 3766–3778. (d) Takikawa, H.; 
Nishii, A.; Sakai, T.; Suzuki, K. Aryne-Based Strategy in the Total Synthesis of Naturally Occurring 
Polycyclic Compounds. Chem. Soc. Rev. 2018, 47, 8030–8056. (e) Perez, D.; Pena, D.; Guitian, E. Aryne 
Cycloaddition Reactions in the Synthesis of Large Polycyclic Aromatic Compounds. Eur. J. Org. Chem. 
2013, 2013, 5981–6013. 
2 Roberts, J. D.; Simmons, H. E. J.; Carlsmith, L. A.; Vaughan, C. W. Rearrangement in the Reaction of 
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Many methods have been discovered to generate benzyne in situ over the decades as 
shown in Scheme 1. Initially, the synthetic application of benzyne was limited because 
traditional methods required harsh conditions (strong base and/or high temperature).1 To 
extend the scope of benzyne reactions, development of milder conditions for benzyne 
formation is highly attractive to synthetic chemists. Currently the most widely used 
protocol is that developed by Kobayashi et al., which utilizes o-silyl aryl triflates as aryne 
precursors [e.g. 2-(trimethylsilyl)phenyl trifluoromethanesulfonate (102)].3 This mild 
method allows compatibility of a variety of reagents, substrates, functionalities, and even 
transition metal catalysts in benzyne reactions. However, the removal of two substituents 
from the pre-existing arene leads to generation of by-products. The presence of these, as 
well as of the reagent(s) needed to generate benzyne, are among factors that limit the 
potential and the scope of benzyne chemistry. Moreover, the synthetic route for preparing 
functionalized o-silyl aryl triflates are not trivial and often challenging. Therefore, we are 
encouraged to discover new and complementary methods that can address some of these 
drawbacks (Chapter 2). In this chapter, some of the most recent examples (especially 
those that are not included in previous reviews) of using benzyne in the synthesis of 
natural products and functional organic materials are discussed. 
1.2 Application of Benzyne in Natural Product Synthesis. 
Benzynes are extremely good electrophiles due to their low-lying LUMOs, and thus they 
can readily engage with various nucleophiles. In general, the process of this type of 
reaction comprise: (1) nucleophilic attack on benzyne to form a zwitterion intermediate, 
and (2) abstraction of another electrophile by the carbanionic aryl carbon in that 
zwitterion. A variety of nucleophiles and electrophiles can be employed in this process to 
access a diverse range of functionalized benzenoid structures, which could also be 
applied to natural product synthesis. Such a strategy was implemented in a recent total 
                                                
3 Himeshima, Y.; Sonoda, T.; Kobayashi, H. Fluoride-Induced 1,2-Elimination of o-
(Trimethylsilyl)phenyl Triflate to Benzyne under Mild Conditions. Chem. Lett. 1983, 8, 1211–1214. 
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synthesis of hetisine-type diterpenoid alkaloids by the Sarpong group.4 As shown in 
Scheme 2, they prepared a key synthetic intermediate 104 from 103 via several classic 
functional group manipulation and homologation steps. With 104 in hand, they 
envisioned a benzyne insertion approach to construct a seven-membered central ring. 
Here the o-silyl aryl triflate (105) was used to generate benzyne 106 under the action of 
cesium fluoride. As a side note, it took them over 6 steps to synthesize precursor 105, 
although the structure seems quite simple. The key step that they designed indeed 
produced the seven-membered ketone 107, albeit in only moderate yields. Nevertheless, 
the rapid access to 107 ultimately enabled these workers to complete a total synthesis of 
cossonidine (108).  
Scheme 2. Total Synthesis of Cossonidine (Davisine) via a Benzyne Insertion Approach. 
 
                                                
4 Kou, K. G. M.; Pflueger, J. J.; Kiho, T.; Morrill, L. C.; Fisher, E. L.; Clagg, K.; Lebold, T. P.; Kisunzu, 
J. K.; Sarpong, R. A Benzyne Insertion Approach to Hetisine-Type Diterpenoid Alkaloids: Synthesis of 
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The mechanism of this key step is also noteworthy, which is primarily based on an early 
contribution by Stoltz et al.5 The ketoester 104 was initially deprotonated by a mild base 
(CsF) to form enolate 109, which could easily attack the hot electrophile—benzyne 106. 
In accordance with the studies by Garg and Houk,6 the bromine atom adjacent to the 
strained triple bond within benzyne 106 directed the nucleophilic attack at the meta 
position (see arrow), which produced aryl anion 110. An intramolecular nucleophilic 
addition to the ketone to form 111 was followed by a Grob-type fragmentation to afford 
ester enolate 112, which possesses the key seven-membered ring. Finally, after several 
protonation/deprotonation steps, the more stable epimer 107 was produced. Although the 
mechanism is well-precedented, this reaction is still very impressive considering the 
overall complexity that has been delivered in a single step. 
Scheme 3. Total Synthesis of (–)-Tubingensin B Enabled by a Carbazolyne Cyclization. 
 
Another interesting example is the total synthesis of (–)-tubingensin B by researchers in 
the Garg lab.7 They creatively incorporated a carbazolyne (benzyne derived from 
                                                
5 Tambar, U. K.; Stoltz, B. M. The Direct Acyl-Alkylation of Arynes. J. Am. Chem. Soc. 2005, 127, 5340–
5341. 
6 Medina, J. M.; MacKey, J. L.; Garg, N. K.; Houk, K. N. The Role of Aryne Distortions, Steric Effects, 
and Charges in Regioselectivities of Aryne Reactions. J. Am. Chem. Soc. 2014, 136, 15798–15805.  
7 Corsello, M. A.; Kim, J.; Garg, N. K. Total Synthesis of (-)-Tubingensin B Enabled by the Strategic Use 
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carbazole) in their synthetic design, which upon attack from a silyl enol ether could 
afford their desired seven-membered ring system. As shown in Scheme 3, carbazolyne 
precursor 115 was chosen and prepared from the known compound carbazole 114, 
perhaps because of the synthetic difficulties in accessing the corresponding o-silyl aryl 
triflate. Sodium amide and tert-butanol were used to induce the eliminative aryne 
formation, a condition that was previously developed by the Garg group.8 To their 
surprise, the outcome of this aryne cyclization is temperature dependent. Namely, when 
the reaction was performed at ambient temperature for 3 hours, [2+2] cyclization took 
place to obtain a four-membered ring in 117. It was observed that under basic conditions 
and at elevated temperatures, cyclobutenol 117 would undergo fragmentation to afford 
their desired product 118. Therefore, they attempted the aryne cyclization directly at a 
higher temperature (60 °C, 12 hours), and indeed the desired ketone 118 was efficiently 
produced, which eventually gave rise to the first total synthesis of (–)-tubingensin B 
(119). Later they found that they could streamline the endgame by replacing the OMOM 
group in carbazolyne precursor 115 with a phenylselenide substituent (cf. 120), which 
provided the opportunity to use radical cyclization strategy. However, when precursor 
120 was subjected to the previously developed reaction conditions, no desired seven-
membered cyclization product was identified, presumably due to decomposition of the 
phenylselenide group. Thus, they had to perform the reaction at ambient temperature to 
form cyclobutenol 121, which was subsequently converted into the desired seven-
membered ketone by using a rhodium-catalyzed C–C bond cleavage strategy. This 
second-generation total synthesis of (–)-tubingensin B (119) was completed in better 
overall yield as well as in fewer steps.  
1,4-Benzdiyne is an attractive benzyne derivative that formally has two strained alkynes 
in one benzene ring.9 In principle, quadruple functionalization of 1,4-benzdiyne can be 
achieved by using two molecules of trapping reagent(s). The main challenges of this 
                                                
8 Goetz, A. E.; Silberstein, A. L.; Corsello, M. A.; Garg, N. K. Concise Enantiospecific Total Synthesis of 
Tubingensin A. J. Am. Chem. Soc. 2014, 136, 3036−3039. 
9 Shi, J.; Li, Y.; Li, Y. Aryne Multifunctionalization with Benzdiyne and Benztriyne Equivalents. Chem. 
Soc. Rev. 2017, 46, 1707–1719. 
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strategy are: (1) the synthetic difficulties associated with the access of the precursor, and 
(2) selective formation of two benzynes to achieve unsymmetrical functionalization, 
which is often required in a complex molecule synthesis. Suzuki et al. utilized a 
chemoselective aryne generation/functionalization methodology to enable the total 
synthesis of actinorhodin.10 Their retrosynthetic analysis is summarized in Scheme 4. 
Apparently, actinorhodin (122) is an oxidative dimer of monomer 123, which could be 
obtained from naphthalene 124 through several redox operations. To access 124, two 
distinct trapping events of 1,4-benzdiyne 125 need to occur selectively. Benzyne 
precursor 127 was proposed and synthesized for this purpose. Once again, the synthesis 
of this precursor is not trivial [6 steps from readily available pyrogallol (126)]. 
Nonetheless, they successfully achieved selective benzyne generation by using two 
different reaction conditions. The iodo-tosylate was eliminated by nBuLi at low 
temperature to form benzyne 128 that was captured by excess amount of furan via a 
Diels–Alder cycloaddition to arrive at silyl-triflate 129. The standard fluoride condition 
was employed to generate the second benzyne, which underwent acyl-alkylation to obtain 
product 130 in the presence of methyl acetoacetate.5 The oxo-bridged bicyclic ring in 130 
was later aromatized under acidic condition to afford the desired naphthol core (cf. 124). 
Scheme 4. Total Synthesis of Actinorhodin via 1,4-Benzdiyne. 
 
Scheme 5. Total Synthesis of (–)-Jorunnamycin A and (–)-Jorumycin. 
                                                
10 Ninomiya, M.; Ando, Y.; Kudo, F.; Ohmori, K.; Suzuki, K. Total Synthesis of Actinorhodin. Angew. 
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Recently, Stoltz et al. achieved a scalable total synthesis of (–)-jorunnamycin A and (–)-
jorumycin, a long-sought effort that took them more than a decade to complete.11 This 
class of natural products have shown promising anti-cancer properties. For instance, Et 
743 (Yondelis, trabectedin) has been approved worldwide to treat many drug-resistant 
and unresectable soft-tissue sarcomas and ovarian cancer. To further improve the efficacy 
and understand the structure-activity relationship, a large-quantity of the natural products 
and their derivatives is required. Although Et 743 is available from natural source, the 
isolation of this material is highly inefficient—accessing one gram of the drug would 
need more than one ton of the biological material. In this study, they developed a highly 
efficient non-biomimetic chemical synthesis of (–)-jorumycin (131), (–)-jorunnamycin A 
(132), and a series of complementary analogs. Their synthetic plan is depicted in Scheme 
5. Both (–)-jorumycin (131) and (–)-jorunnamycin A (132) possesses a pentacyclic bis-
tetrahydroisoquinoline core 133. They envisioned this core structure could be constructed 
via lactamization and asymmetric hydrogenation from bis-isoquinoline 134. The linkage 
between the two isoquinoline structure can be connected by a Fagnou cross coupling 
                                                
11 Welin, E. R.; Ngamnithiporn, A.; Klatte, M.; Lapointe, G.; Pototschnig, G. M.; McDermott, M. S. J.; 
Conklin, D.; Gilmore, C. D.; Tadross, P. M.; Haley, C. K.; Negoro, K.; Glibstrup, E.; Grunanger, C. U.; 
Allan, K. M.; Virgil, S. C.; Slamon, D. J.; Stoltz, B. M. Concise Total Syntheses of (-)-Jorunnamycin A and 
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reaction of isoquinolines 135 and 136.12 The coupling partner 136 was supplied by a 
benzyne approach. Namely, silyl aryl triflate 137 (available in three steps from 2,3-
dimethoxytoluene) was reacted with methyl acetoacetate in an acyl-alkylation reaction.5 
The product 138 was subjected to aqueous ammonium hydroxide in situ to forge the 
isoquinoline 139 in 45% overall yield, which was then converted into triflate 136. This 
benzyne approach provided multi-grams of 136, which allowed them to explore and 
complete the subsequent steps as well as demonstrate the practicality of their synthetic 
approach of this class of natural products. 
1.3 Application of Benzyne in Functional Organic Materials. 
Large polycyclic aromatic compounds (PACs) are organic compounds that have multiple, 
fused, aromatic rings. These highly conjugated molecules often have interesting photonic 
and/or electronic properties that afford them the potential for applications in a host of 
organoelectronic devices such as sensors, light-emitting diodes, photovoltaic devices and 
field-effect transistors.13 Atomically precise bottom-up synthesis of large PACs provides 
great opportunities for fine tuning the properties of the material, understanding the 
structure-function relationships, and learning the design principles of these materials. 
Benzyne chemistry has been widely used to construct larger aromatic system, because 
benzyne reactions are highly robust and diverse, and multi-functionalization of the 
benzene ring can be achieved in a single operation.1e It has also been demonstrated that 
use of larger arynes—PACs that contain a strained triple bond—can serve as a great 
                                                
12 Campeau, L. C.; Schipper, D. J.; Fagnou, K. Site-Selective sp2 and Benzylic sp3 Palladium-Catalyzed 
Direct Arylation. J. Am. Chem. Soc. 2008, 130, 3266–3267. 
13 (a) Allen, M. J.; Tung, V. C.; Kaner, R. B. Honeycomb Carbon: A Review on Graphene. Chem. Rev. 
2010, 110, 132–145. (b) Grimsdale, A. C.; Wu, J.; Müllen, K. New Carbon-Rich Materials for Electronics, 
Lithium Battery, and Hydrogen Storage Applications. Chem. Commun. 2005, 17, 2197–2204. (c) Roncali, 
J.; Leriche, P.; Blanchard, P. Molecular Materials for Organic Photovoltaics: Small is Beautiful. Adv.  
Mater. 2014, 26, 3821–3838. (d) Chemical Synthesis and Applications of Graphene and Carbon Materials; 
Antonietti, M., Müllen, K., Eds.; Wiley: New York, 2017. (e) Beaujuge, P. M.; Fréchet, M. J. Molecular 
Design and Ordering Effects in π-Functional Materials for Transistor and Solar Cell Applications. J. Am. 
Chem. Soc. 2011, 133, 20009–20029. (f) Wu, J.; Pisula, W.; Müllen, K. Graphenes as Potential Materials 
for Electronics. Chem. Rev. 2007, 107, 718–747. (g) Anthony, J. E. Functionalized Acenes and 
Heteroacenes for Organic Electronics. Chem. Rev. 2006, 106, 5028–5048. (h) Stępień, M.; Gońka, E.; Żyła, 
M.; Sprutta, N. Heterocyclic Nanographenes and Other Polycyclic Heteroaromatic Compounds: Synthetic 
Routes, Properties, and Applications. Chem. Rev. 2017, 117, 3479–3716. 
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module for rapid assembly of more extended PACs. 
Among all types of benzyne transformations, perhaps the most convenient and popular 
way to extend the conjugation is cycloaddition reactions. Furan is possibly one of the 
most efficient cycloaddition trapping reagents for benzynes (Scheme 6), and the resulting 
furan adduct 140 could undergo deoxygenation to the aromatized naphthalene 141. 
Gidron and coworkers has capitalized this simple yet powerful strategy, where several 
oligofurans were transformed into oligoarenes (Scheme 6).14 For example, oligofuran 142 
was reacted with silyl aryl triflate 102 under the standard cesium fluoride condition to 
prepare oligofuran adduct 143 (as a mixture of diastereomers). They found that the 
desired deoxygenation could be achieved in the presence of trimethylsilyl iodide 
(generated in situ from trimethylsilyl chloride and sodium iodide) to yield 
oligonaphthalene 144. They further demonstrated the regioselectivity of this 
cycloaddition, which enabled the synthesis of a series of substituted triarylenes from a 
single trifuran precursor by engineering the dienophile reactivity and the order of addition. 
Scheme 6. From Oligofurans to Oligoarenes. 
 
                                                
14 Gadakh, S.; Shimon, L. J. W.; Gidron, O. Regioselective Transformation of Long π-Conjugated 
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For instance, they used N-methyl maleimide and N-ethyl maleimide (1.0 equivalent each, 
sequential addition) as moderately reactive dienophiles to engage with the two terminal 
furans. Following the dehydration step, two phthalimide moieties were installed. The 
remaining central furan was reacted with benzyne—the most reactive dienophile of all 
three—to give oligoarene 146. Moreover, this strategy is not limited to parent benzyne 
101. Phenanthryne precursor 148 was utilized to undergo the cycloaddition with bifuran 
147. Subsequent deoxygenation of cycloadduct 149 yielded bistriphenylene 150, whose 
solid-state structure shows significant twisting due to the steric interaction between two 
phenanthrene moities. Overall, they have shown that oligofurans can be converted into p-
oligoarenes in a selective and efficient manner by a Diels–Alder cycloaddition 
/deoxygenation sequence. 
Scheme 7. Nozaki’s Approach to Poly(o-arylene)s using [2.2.1]Oxabicyclic Alkenes as 
Aryne Equivalents. 
 
Poly(o-arylene)s are a less studied class of π-conjugated materials due to their synthetic 
challenges compared to poly(p-arylene)s and poly(m-arylene)s. From a retrosynthetic 
perspective, poly(o-arylene) (151) could be simply derived from polymerization of o-
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never been reported until late 2014 because of difficulties in controlling the short-living 
aryne species. Nozaki and coworkers have come up with an elegant alternative to 
synthesize poly(o-arylene)s 156 via chain-growth polymerizations of [2.2.1]oxabicyclic 
alkenes 153, which can be accessed from cycloaddition between arynes 152 and furan.15 
They hypothesized cycloadducts 153 could serve as aryne equivalents, in which the 
strained alkene could be polymerized and the resulting polymers 155 could simply 
undergo dehydration to arrive at poly(o-arylene)s 156. After optimization of the reaction 
conditions, they discovered that a cationic palladium catalyst 154 {stock solution was 
prepared by mixing [PdCl(η3-allyl)]2, 2,6-lutidine, and AgSbF6 in the reaction solvent 
(DCE/toluene) followed by filtration to remove AgCl} successfully catalyzed the 
polymerization to give desired polymers 155 in excellent yields with an average Mw = ca. 
5 kDa. Moreover, the polydispersity indices (PDI) of these polymers are in the range of 
1.2–1.4, indicating a chain-growth nature of this polymerization. The final dehydration 
step can be simply effected by treatment with hydrochloric acid to afford poly(o-
arylene)s 156 in nearly quantitative yield with some loss of the narrow polydispersity. 
Based on end-group and MALDI-TOF mass analyses, a plausible mechanism was 
proposed as depicted in Scheme 7. The polymerization is initiated by insertion of π-
allylpalladium species 154 into the strained alkene in monomer 153 to generate 
alkylpalladium species 157. After propagation of the main chain to form 158, termination 
can occur by β-oxygen elimination to obtain 159. Finally, β-hydride elimination and 
tautomerization yield the product 160 and regenerate palladium-hydride complex 161 that 
can reenter the chain propagation.  
In fact, merely half year later since the report of Nozaki et al, the first direct 
polymerization of aryne was achieved by Uchiyama and Mikami.16 Cuprous cyanide 
(CuCN) along with several other monovalent copper salts were discovered to be the 
effective initiator for this polymerization (Scheme 8). Silyl aryl triflate 162 was used as  
                                                
15 Ito, S.; Takahashi, K.; Nozaki, K. Formal Aryne Polymerization: Use of [2.2.1]Oxabicyclic Alkenes as 
Aryne Equivalents. J. Am. Chem. Soc. 2014, 136, 7547–7550. 
16 Mizukoshi, Y.; Mikami, K.; Uchiyama, M. Arene Polymerization Enabling Straightforward Synthesis of 
Elusive Poly(ortho-arylene)s. J. Am. Chem. Soc. 2014, 137, 74–77. 
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Scheme 8. Uchiyama and Mikami’s Approach to Poly(o-arylene)s through Direct Aryne 
Polymerization (Adapted From Figures in Ref16 © 2014 American Chemical Society). 
 
the aryne precursor, in which the dimethoxy substituents greatly enhanced the solubility 
of the resulting polymer. CuCN was added directly to the standard aryne generation 
conditions, which allowed the formation of poly(o-arylene) 164 from aryne 163. The PDI 
of the polymer can be as low as 1.54, and they were able to control the molecular weight 
by varying the amount of CuCN. These suggest the polymerization proceeds in a chain-
growth fashion. DFT-calculated [B3LYP/6-31+G(d)-LANL2DZ(Cu)] energy diagram of 
this process is shown in Scheme 8. A complexation of CuCN to benzyne is proposed to 
give a much more stable intermediate CP1, a result originated from the excellent orbital 
overlap between the high-lying d-orbital of Cu(I) and the low-lying LUMO of the aryne. 
The subsequent insertion of CuCN into benzyne occurs through TS1 with a reasonable 
energy barrier (25.3 kcal/mol) and a large exotherm (−61.3 kcal/mol). The resulting aryl-
Cu species CP2 can insert into another benzyne to propagate the chain through an 
analogous sequence (from CP3 to CP4 via TS2). The key to successful propagation is 
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Scheme 9. Dodecaphenyltetracene (3D Structure is Visualized by CYLview17). 
 
In early 2019, Pascal et al. have successfully prepared the largest perphenylacene to date, 
dodecaphenyltetracene (170, Scheme 9).18 Again, it was made possible by cycloaddition 
between arynes and furans. Starting from tetraphenylfuran (165) and tetrabromobenzene 
166 (as a 1,4-benzdiyne equivalent), selective monoaryne formation was achieved by 
using 1.3 equivalents of nBuLi, which gave the mono cycloadduct 167 in 44% yield. 
Treatment of this adduct and isobenzofuran 168 with nBuLi again afforded the bis-
cycloadduct 169 in only 10% yield presumably due to a greater steric hindrance in this 
second aryne cycloaddition. Finally, the two oxygen bridges were reduced by a mixture 
of aluminum titanium chloride and nBuLi to yield dodecaphenyltetracene (170) as a red 
solid. The structure of this elusive perphenylacene was unambiguously confirmed by X-
ray diffraction analysis. The single crystal structure shows a great amount of twist along 
the tetracene backbone, with an overall end-to-end twist of ca. 100 degrees. It is also 
noteworthy that all phenyl substituents are essentially perpendicular to the twisted 
tetracene core, which sacrifices conjugation for less steric congestion. These phenyl 
                                                
17 CYLview, 1.0b; Legault, C. Y., Université de Sherbrooke, 2009 (http://www.cylview.org). 
18 Xiao, Y.; Mague, J. T.; Schmehl, R. H.; Haque, F. M.; Pascal, R. A., Jr. Dodecaphenyltetracene. Angew. 
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substituents also encapsulate the central acene, as a result, 170 displays fully reversible 
electrochemical behavior and reasonable stability. In a parallel effort towards the 
synthesis of perphenylpentacene, they conducted a similar synthetic approach, in which 
168 instead of 165 was used in the first step. Although trace amount of aryne bis-
cycloadduct 171 (intriguingly, as a single diastereomer) could be isolated and 
unambiguously characterized, this compound failed to undergo reduction under various 
known conditions to afford the desired perphenylpentacene. Still, Pascal et al. have 
demonstrated the power of aryne cycloaddition even in such sterically encumbered 
environment. 
Scheme 10. Synthesis of Octaaryl Anthracenes with Different Substituents. 
 
Obviously, furan is not the only competent cycloaddition partner with benzyne. In fact, 
various other reagents that can participate in cycloadditions have been explored in the 
synthesis of large polycyclic arenes. Thiophene is perhaps the simplest analog of furan, 
which itself is not a selective trapping reagent of benzyne.19 However, by simply 
changing the oxidation state of the sulfur atom, thiophene S-oxides now become an 
                                                
19 (a) Mazza, D. D.; Reinecke, M. G. Thiophenes as Traps for Benzyne. J. Org. Chem. 1988, 53, 5799–
5806. (b) Reinecke, M. G.; Mazza, D. Del. Thiophenes as Traps for Benzyne. 2. Cycloaddition and Ene 
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efficient 4π diene in DA reactions with benzynes and alkynes.20 In a recent study, 
Yamaguchi and Itami have shown the power of thiophene S-oxides in the synthesis of 
octaaryl substituted naphthalenes and anthracenes.21 Scheme 10 shows a particularly 
impressive example in their studies. The synthesis began with preparation of 1,4-
benzdiyne equivalent 173 from readily available 2,5-dibromohydroquinone (172). The 
monoaryne formation of 173 proceeded in the presence of tetrabutylammonium fluoride 
(TBAF), and benzyne 175 was trapped by thiophene S-oxides 174 (prepared via 
sequential C–H arylation).22 The cycloaddition of benzyne 175 to 174 initially formed 
bicyclic cycloadduct (cf. 167 in Scheme 9), which underwent facile cheletropic extrusion 
of sulfur monoxide to form the corresponding naphthalene as a 4:5 mixture of 
regioisomers. The free phenol was subsequently functionalized with triflic anhydride to 
obtain naphthyne precursors 176a/b. The regioselectivity is inconsequential because both 
R1 and R2 must eliminate to generate naphthyne 178. The formation of 178 was again 
induced by TBAF, which was captured by another thiophene S-oxides 177 in a similar 
reaction sequence (cycloaddition/cheletropic extrusion) to yield the final anthracenes 
176a and 176b. It is quite remarkable that this 1:1 mixture of two regioisomers can be 
chromatographically separated, each of which possesses eight distinct aryl substituents on 
the anthracene core. 
Cyclopentadienones can also trap benzyne in a [4+2] cycloaddition followed by 
cheletropic extrusion of carbon monoxide to form naphthalenes. Zhang and Liu recently 
described an impressive synthesis of a novel dodeca-twistarene using a pyrene-containing 
cyclopentadienone derivative.23 The synthetic approach is outlined in Scheme 11. 1,4-
Benzdiyne precursor 182 transformed to an aryne under the action of isoamyl nitrite via  
                                                
20 Thiemann, T.; Fujii, H.; Ohira, D.; Arima, K.; Li, Y.; Mataka, S. Cycloaddition of Thiophene S-Oxides 
to Allenes, Alkynes and to Benzyne. New J. Chem. 2003, 27, 1377–1384. 
21 Suzuki, S.; Itami, K.; Yamaguchi, J. Synthesis of Octaaryl Naphthalenes and Anthracenes with Different 
Substituents. Angew. Chem. Int. Ed. 2017, 56, 15010–15013. 
22 Yanagisawa, S.; Ueda, K.; Sekizawa, H.; Itami, K. Programmed Synthesis of Tetraarylthiophenes 
through Sequential C-H Arylation. J. Am. Chem. Soc. 2009, 131, 14622–14623. 
23 Chen, W.; Li, X.; Long, G.; Li, Y.; Ganguly, R.; Zhang, M.; Aratani, N.; Yamada, H.; Liu, M.; Zhang, Q. 
Pyrene-Containing Twistarene: Twelve Benzene Rings Fused in a Row. Angew. Chem. Int. Ed. 2018, 57, 
13555–13559. 
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Scheme 11. Preparation of Dodecatwistarene. 
 
the corresponding diazonium-2-carboxylate, which was in situ trapped by 
cyclopentadienone 181 to afford tetracene 183 in 41% yield. The anthranilic acid 
derivative 184 was efficiently obtained through hydrogenation and saponification, which 
was set to produce tetracyne 185 in the presence of isoamyl nitrite. This time a different 
cyclopentadienone 186 served as a bidirectional trap to afford biscycloadduct 187 as a 
single diastereomer in 23% yield. Both cyclopentadienones 181 and 186 could be 
accessed from simple pyrene 180. The low yields of the two aryne-based steps (to obtain 
183 and 187) could be a result of the nature of anthranilic acid-derived arynes and/or the 
complexity that is present in these reactions. Notably, biscycloadduct 187 did not 
undergo in situ cheletropic extrusion perhaps due to the sterically congested phenyl 
substituents and/or the reduced aromatic stabilization in longer acenes in comparison to 
the case of 183. Moreover, single crystal diffraction analysis revealed that 187 adopts a 
cis configuration, and two tetracyne units are folded to become essentially perpendicular 
to the central pyrene ring. After exploration of the reaction conditions, extrusion of 
carbon monoxide was effected by heating the biscycloadduct 186 at 300 °C either in the 
solid state or in diphenyl ether solution to yield the dodeca-twistarene 188, whose 
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their knowledge, this was (might still is) the longest twistacene ever synthesized. 
Scheme 12. Reaction of Arynes with Tetrazines. 
 
Similarly, tetrazines 189 are known to react with benzynes to afford phthalazines 190 
(Scheme 12).24 However, one might envision the phthalazines can also trap benzynes via 
cycloadditions or nucleophilic additions, which could lead to a series of other side 
products. Chenoweth and coworkers in fact capitalized this feature and developed a triple 
aryne-tetrazine reaction to allow rapid access of polyaromatic heterocycles (Scheme 
12).25 In the presence of TBAF, at least three equivalents of silyl aryl triflate 102 
generates excess of benzyne 101, which was captured by tetrazine 191 to afford a triple 
aryne adduct 192 in just 5 min. Although the reaction proceeds in a poor overall yield, 
this mechanistically interesting process builds tremendous complexity in a single 
operation. They proposed phthalazine 193 was initially formed, because it was the major 
                                                
24 Sauer, J.; Heinrichs, G. Kinetik und Umsetzungen von 1.2.4.5-Tetrazinen mit Winkelgespannten und 
Elektronenreichen Doppelbindungen Tetrahedron Lett. 1966, 7, 4979–4984. 
25 Suh, S. E.; Barros, S. A.; Chenoweth, D. M. Triple Aryne-Tetrazine Reaction Enabling Rapid Access to 
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byproduct isolated from the reaction mixture. The nucleophilic nitrogen atom in 193 
could attack a second molecule of benzyne to form zwitterion intermediate 194, followed 
by proton transfer to produce 195. The next key intermediate 197 could arise from 195 
via two possible mechanisms: (1) nucleophilic addition of enamine 195 to the third 
benzyne to form zwitterion 196 followed by conjugate addition to the iminium ion, or (2) 
concerted [4+2] cycloaddition of the third benzyne to 195. Finally, intermediate 197 
would tautomerize to 198 to restore aromaticity, which underwent air-oxidation to yield 
the final product 192. The methyl substituent on the tetrazine is apparently essential for 
this transformation as seen in the proposed mechanism. Indeed, when diphenyl 
substituted tetrazine 199 was subjected to the same reaction conditions, only diphenyl 
anthracene 200 and phthalazine 190 were observed. They further demonstrated the 
applicability of this new class of chromophore by live-cell imaging studies. 
It is also possible to directly use polycyclic hydrocarbon (PAH) as trapping reagent 
without pre-installation of any reactive functional group. This strategy—also called 
annulative π-extension (APEX)—has emerged as a powerful tool to construct polycyclic 
arenes.26 It has been reported that perylene (201) can directly undergo Diels–Alder 
reaction with benzyne at the “bay-region” to afford naphthoperylene after in situ loss of 
hydrogen gas (This topic has also been discussed in a later chapter). Whether a much 
more electron-deficient perylene [i.e. perylene dimides (PDIs), privileged motifs in 
myriad functional organic materials]27 can participate in Diels–Alder reactions has not 
been fully answered. Itami and coworkers have recently discovered that at elevated 
temperature APEX of perylene dimides can be achieved using arynes.28 Namely, 
perylene dimide 203 can react with simple benzyne to obtain mono-adduct 204 in good 
NMR yield along with a small amount of bis-adduct 205. Additionally, 203 was treated 
                                                
26 (a) Ito, H.; Ozaki, K.; Itami, K. Annulative π-Extension (APEX): Rapid Access to Fused Arenes, 
Heteroarenes, and Nanographenes. Angew. Chem. Int. Ed. 2017, 56, 11144–11164. (b) Ito, H.; Segawa, Y.; 
Murakami, K.; Itami, K. Polycyclic Arene Synthesis by Annulative π-Extension. J. Am. Chem. Soc. 2019, 
141, 3−10. 
27 Würthner, F.; Saha-Möller, C. R.; Fimmel, B.; Ogi, S.; Leowanawat, P.; Schmidt, D. Perylene Bisimide 
Dye Assemblies as Archetype Functional Supramolecular Materials. Chem. Rev. 2016, 116, 962–1052. 
28 Nakamuro, T.; Kumazawa, K.; Ito, H.; Itami, K. Bay-Region-Selective Annulative π-Extension (APEX) 
of Perylene Diimides with Arynes. Synlett, 2019, 30, 423–428. 
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with a phenanthryne precursor to give 206, followed by addition of a different benzyne 
precursor to give rise to extended-PDI 207 despite in a much-lowered efficiency. DFT-
calculations shed lights on the reaction mechanism. For the transition state of the Diels–
Alder step, the activation energy of Rxn A is calculated to be 14.9 kcal/mol, whereas that 
of Rxn B is computed to be 15.7 kcal/mol. This indicates the reactivity difference 
between PDIs 203 and 206 in [4+2] cycloadditions and is consistent with their 
experimentally observed yield difference between 204 and 207. 
Scheme 13. Reaction of Arynes with Perylene Dimides. 
 
The cycloaddition/cheletropic extrusion sequence of arynes is not only applicable for 
[4+2] cycloadditions. Audisio and Houk have utilized dipolar cycloadditions of arynes to 
construct heterohelicenes (Scheme 14).29 Sydnone 208 was identified as a key 
intermediate to prepare a series of ortho-fused aromatic azomethine imine dipoles, which 
can be readily available in two steps from commercial sarcosine. The desired dipole 210 
was synthesized in a single step by a palladium catalyzed cross-coupling reaction of 208  
                                                
29 Yen-Pon, E.; Champagne, P. A.; Plougastel, L.; Gabillet, S.; Thuery, P.; Johnson, M.; Muller, G.; 
Pieters, G.; Taran, F.; Houk, K. N.; Audisio, D. Sydnone-Based Approach to Heterohelicenes through 1,3-
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Scheme 14. Synthesis of Diazahelicenes via Dipolar Cycloaddition (Adapted from 
Figures in Ref29 © 2019 American Chemical Society).  
 
and bromo-aldehyde 209, followed by an intramolecular Knoevenagel condensation. 
When dipole 210 was treated with aryne precursor 211 in the presence of TBAF, 
remarkably [7]-helicene 212a was the dominant product with only trace amount of the 
linear constitutional isomer 212b, each structure of which was determined by single 
crystal diffraction analysis. The high selectivity of this dipolar cycloaddition could be 
counterintuitive because linear isomer 212b is apparently the more thermodynamically 
stable product. The origin of this interesting outcome was studied by DFT calculations. 
The distortion model of arynes failed to explain the high selectivity,6 because the angle 
difference in 3,4-phenanthryne is not substantial enough (126.3° vs 128.8°), despite in the 
observed direction. The full energy profile of the reaction leading to A and B was 
computed [M06-2X/6-311+G(2d,2p)/SMD(THF)//M06-2X/6-31+G(d,p)]. The rate-
determining step of this process (after benzyne formation) is the initial cycloaddition, 
which is essentially irreversible and determines the regiochemistry outcome. Although 
int2A, TS2A and helicene A are less stable than those analogs in pathway B, the initial 
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on the geometries depicted in Scheme 14, TS1A is much more asynchronous and benefit 
more from stabilizing C–H···π interactions between the sydnone and the aryne. Moreover, 
since TS1A is such an early transition state, the steric hindrance plays a minor role in the 
overall energy, which is consistent with a rather small distortion energy (via 
distortion/interaction analysis).30 On the other hand, the interaction energy between the 
two reactants are more important and greater in TS1A than in TS1B.  
Scheme 15. Synthesis of Pentiptycene-derived Nanohoop (Adapted from Figures in Ref31 
© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).  
 
Triptycenes and pentiptycenes are two important building blocks in three-dimensional 
organic semiconducting materials, both of which can be accessed from Diels–Alder 
reaction between arynes and anthracenes (Scheme 15). Cong et al. have recently 
described a synthesis of a pentiptycene-derived nanohoop.31 It was materialized by taking 
advantage of the reversible dimerization of anthracenes and aryne-based synthesis of 
                                                
30 Bickelhaupt, F. M.; Houk, K. N. Analyzing Reaction Rates with the Distortion/Interaction-Activation 
Strain Model. Angew. Chem., Int. Ed. 2017, 56, 10070−10086. 
31 Xu, W.; Yang, X. D.; Fan, X. B.; Wang, X.; Tung, C. H.; Wu, L. Z.; Cong, H. Synthesis and 
Characterization of a Pentiptycene-Derived Dual Oligoparaphenylene Nanohoop. Angew. Chem. Int. Ed. 
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triptycene and pentiptycene. Specifically, dianthracene-derived dual macrocycle 213 was 
irradiated under 254 nm ultraviolet light to undergo cycloreversion to afford bis-
anthracene macrocycle 214. The crude mixture of 214 was directly treated with excess of 
1,4-benzdiyne precursor and cesium fluoride to provide the macrocyclic aryne precursor 
215 in 22% yield. The key intramolecular transannular Diels–Alder reaction was ensued 
by careful control of the concentration; the 64-memebered precursor 215 in dilute 
solution was subjected to cesium fluoride condition at ambient temperature, which 
afforded nanohoop precursor 216 in decent yield. Finally, reductive aromatization of 216 
using sodium naphthalenide furnished the pentiptycene-derived dual nanohoop 217.  
Scheme 16. Aryne Cyclotrimerization. 
 
The last category of benzyne reactions that has been covered in this section is metal-
catalyzed cyclotrimerizations, which is an attractive way to multiply complexity. As 
shown in Scheme 16, the trimerization of arynes was initially established by Peña and 
coworkers.32 The palladium (0) catalyst is essential to overcome the kinetic barrier of this 
thermally-forbidden process. Later, Garg and Houk validated the feasibility of this 
                                                
32 (a) Peña, D.; Escudero, S.; Peréz, D.; Guitián, E.; Castedo, L. Efficient Palladium-Catalyzed 
Cyclotrimerization of Arynes: Synthesis of Triphenylenes. Angew. Chem. Int. Ed. 1998, 37, 2659−2661. (b) 
Peña, D.; Pérez, D.; Guitián, E.; Castedo, L. Palladium-Catalyzed Cocyclization of Arynes with Alkynes:  
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process for hetarynes (arynes derived from heterocycles).33 For example, 4,5-indolyne 
precursor 218 underwent cyclotrimerization using Pd2(dba)3 and BINAP as 
catalyst/ligand in the presence of CsF. Isomers 219 and 220 were obtained efficiently in a 
1:2 ratio. Likewise, 5,6-indolyne precursor 221 produced isomers 222 and 223 in good 
yield, and 6,7-indolyne precursor 224 gave 225 and 226 albeit in a much lower yield. 
Therefore, the cyclotrimerization allowed rapid access of six distinct trimeric indole 
scaffolds. The ground state energy of each isomer was analyzed by DFT calculations. 
The relative free energies correlate well with the distortion of the molecules. The least 
congested isomer 222 and 223 are the most stable, 219 and 220 are ca. 5 kcal/mol higher 
in free energy, and the most puckered isomers 225 and 226 have tremendously higher 
energies, which coincides with the observed low yield for their formations. 
Scheme 17. Synthesis of Hexapole [5]Helicene. 
 
The power of aryne trimerization was perfectly showcased by Tsurusaki and 
Kamikawa.34 Their approach to a hexapole helicene is outlined in Scheme 17. The 
                                                
33 Lin, J. B.; Shah, T. K.; Goetz, A. E.; Garg, N. K.; Houk, K. N. Conjugated Trimeric Scaffolds 
Accessible from Indolyne Cyclotrimerizations: Synthesis, Structures, and Electronic Properties. J. Am. 
Chem. Soc. 2017, 139, 10447–10455. 
34 Hosokawa, T.; Takahashi, Y.; Matsushima, T.; Watanabe, S.; Kikkawa, S.; Azumaya, I.; Tsurusaki, A.; 
Kamikawa, K. Synthesis, Structures, and Properties of Hexapole Helicenes: Assembling Six [5]Helicene 
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synthesis commenced with a nucleophilic aromatic substitution of dibromide 227 
(prepared from 2,2’-dimethyl-1,1’-binaphthyl in two steps) to afford methoxy [5]helicene 
228. ortho-Bromination of 228 was effected by NBS and diisopropylamine to obtain 229, 
followed by demethylation with boron tribromide to furnish bromo hydroxy [5]helicene 
230. The key aryne precursor 231 was synthesized via a three-step sequence: (1) 
trimethylsilylation of the free phenol, (2) lithium-halogen exchange followed by retro-
Brook rearrangement, and (3) triflation of the resulting phenoxide ion. The palladium-
catalyzed [2+2+2] cycloaddition of aryne 232 using 10 mol% of Pd2(dba)3 and CsF at 
ambient temperature gave hexapole [5]helicene 233 in 54% yield. In theory, 233 has 20 
possible stereoisomers including 10 pairs of enantiomers due to the six-fold helicity. X-
ray diffraction analysis confirmed that 233-1 (the stereogenic centers are assigned and 
shown in the scheme) and its enantiomer were formed stereoselectively. This C2 
symmetric compound is the second most stable diastereoisomer, suggesting that it is a 
kinetic product of the [2+2+2] cyclization. Indeed, C2 symmetric 233-1 was converted 
into the most stable D3 symmetric isomer 233-2 cleanly by simply heating at 100 °C. 
Once again, it is quite impressive that benzyne reaction can occur so efficiently in such 
complicated system. 
The above discussed examples, only a tiny fraction of what is reported in the literature, 
clearly show the versatility of benzyne in organic synthesis. As the field continues to 
expand, this over 60-year old reactive intermediate keeps giving new types of reactivity 
and pushing the boundary of synthetic complexity. 
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Chapter 2. The Hexadehydro-Diels–Alder Reaction 
The Diels–Alder cycloaddition reaction is perhaps the most well-known and the most 
fundamental transformation in organic chemistry. 35,36 The Diels–Alder (DA) reaction 
between ethylene (234, the dienophile) and 1,3-butadiene (235, the diene) to give 
cyclohexene (236) is taught in essentially every introductory organic chemistry textbook 
(Scheme 2.1a). In a simple analogy, if six hydrogens are removed from the prototypical 
DA reaction, we can arrive at a reaction between acetylene (237, diynophile) and 1,3-
butadiyne (238, diyne) as shown in Scheme 2.1b. This concept had remained 
experimentally undiscovered for almost 100 years since the first reported example of a 
Diels–Alder cycloaddition.37 The reason in fact could be quite simple. The product cyclic 
cumulene (239) is just another resonance contributor of benzyne (240, or 
didehydrobenzene). To obtain an isolable product, an appropriate trapping reagent must 
present to give benzenoid 241. In comparison to the classic DA reaction, six hydrogens 
were removed in the reaction depicted in Scheme 2.1b. Therefore, it is termed as the 
hexadehydro-Diels–Alder (HDDA) reaction.  
Scheme 2.1. Prototypical Diels–Alder and Hexadehydro-Diels–Alder Reaction. 
 
                                                
35 Diels, O.; Alder, K. Syntheses in the Hydroaromatic Series [in German]. Justus Liebigs Ann. Chem. 
1928, 460, 98–122. 
36 (a) Onishchenko, A. S. Diene Synthesis (Israel Program for Scientific Translations,1964). (b) Nicolaou, 
K. C., Snyder, S. A., Montagnon, T.; Vassilikogiannakis, G. The Diels–Alder Reaction in Total Synthesis. 
Angew. Chem. Int. Ed. 2002, 41, 1668–1698. 
37 Michael, A.; Bucher, J. E. Über die einwirkung von eissigsäureanhydrid auf phenylpropiolsäure. Chem. 
Zentrblt. 1898, 731–733. 
[4+2]
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2.1 Discovery of the Hexadehydro-Diels–Alder (HDDA) Reaction 
In 1997, two seminal reports from Johnson and Ueda respectively discovered the 
feasibility of the HDDA reaction.38 In 2012, our laboratory first described the generality 
of the HDDA reaction.39 This important study was in fact initiated by a serendipitous 
observation (Scheme 2.2). During the pursue of an otherwise unrelated project, 
postdoctoral researcher Dr Baire in our lab attempted to synthesize tetrayne 243 via 
manganese dioxide oxidation of the allylic alcohol 242. To our surprise, a fully 
substituted benzene derivative 244 was isolated in 53% yield after full consumption of 
the starting material 242. This unexpected outcome was explained by this proposed 
mechanism: (1) manganese dioxide oxidation of 242 to 243, (2) an intramolecular DA 
reaction between the ynone and the 1,3-diyne moieties in 243 to produce cyclic cumulene 
245, or benzyne 246, (3) the nucleophilic attack from the silyl ether to benzyne to form 
zwitterion 247, which undergoes a retro-Brook rearrangement to furnish the product 244. 
Scheme 2.2. The First HDDA Reaction Performed in the Hoye Lab. 
 
                                                
38 (a) Bradley, A. Z.; Johnson, R. P. Thermolysis of 1,3,8-Nonatriyne: Evidence for Intramolecular [2+4] 
Cycloaromatization to a Benzyne Intermediate. J. Am. Chem. Soc. 1997, 119, 9917–9918. (b) Miyawaki, 
K.; Suzuki, R.; Kawano, T.; Ueda, I. Cycloaromatization of a non-conjugated polyenyne system: synthesis 
of 5H-benzo[d]fuoreno[3,2-b]pyrans via diradicals generated from 1-[2-{4-(2-alkoxymethylphenyl)butan-
1,3-diynyl}]phenylpentan-2,4-diyn-1-ols and trapping evidence for the 1,2-didehydrobenzene diradical. 
Tetrahedron Lett. 1997, 38, 3943–3946. 
39 Hoye, T. R.; Baire, B.; Niu, D.; Willoughby, P. H.; Woods, B. P. The Hexadehydro-Diels–Alder 
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Compared to other benzyne generation methods (Scheme 1), the HDDA reaction is 
unique because it does not use any base or any unstable substrate nor generate any 
byproduct, which considerably limit the scope and efficiency. Besides, it is the only 
method that does not require a pre-functionalized benzene precursor, which gave a 
completely orthogonal option to access benzyne. Another important feature of HDDA is 
the 100% atom economy, namely, all the atoms in the reactants are retained in the final 
product. Lastly, HDDA reaction provides a pristine environment to study benzyne 
transformations (i.e. no external reagent and byproduct) which allows us to explore the 
inherent nature of benzyne and new modes of reactivities they reveal. 
2.2 Discovery of Novel Benzyne Reactivities Enabled by HDDA Chemistry 
The HDDA reactions has served as a great platform for discovery of new benzyne 
reactivities. Diamond and Marder has recently complied a comprehensive list of reports 
related to HDDA chemistry.40 Therefore, only a few representative examples that are not 
discussed in this review have been highlighted in the section. 
Scheme 2.3. Reaction of a HDDA-Benzyne and an Electron-Deficient Thioamide. 
 
                                                
40 Diamond, O. J.; Marder, T. B. Methodology and Applications of the Hexadehydro-Diels–Alder (HDDA) 
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Last year, Juntian Zhang and Annika Page from our laboratory have described an atypical 
mode of dipolar cycloaddition of benzynes and electron-deficient thioamides (Scheme 
2.3). For example, triyne 248 was heated in the presence of thioamide 249 to afford two 
cyclized fluorenone products 250 and 251. This reaction proceeds in the following 
proposed mechanism: (1) HDDA cycloisomerization of 248 to generate benzyne 252, (2) 
a formal [3+2] cycloaddition (via possible transition state 253) of 252 and 249 to give 
zwitterionic intermediate 254, and (3) elimination of 1-octene from 254 to arrive at major 
isomer 250. Likewise, the minor isomer 251 can arise from zwitterion 255. The 
regioselectivity observed here is consistent with the distortion model.41 Namely, the 
nucleophilic sulfur atom preferentially attacks the sp carbon in 252 that bears the more 
obtuse internal bond angle as suggested by DFT calculations. In addition, the calculations 
agree with a concerted [3+2] transition state as depicted for 253, which has a quite facile 
energy barrier of 9.1 kcal/mol. 
Scheme 2.4. Reactions of Diaziridines with Benzynes. 
 
Later that year, Sahil Arora and Vignesh Palani from our lab reported a series of 
                                                
41 (a) Cheong, P. H. Y.; Paton, R. S.; Bronner, S. M.; Im, G. Y. J.; Garg, N. K.; Houk, K. N. Indolyne and 
Aryne Distortions and Nucleophilic Regioselectivities. J. Am. Chem. Soc. 2010, 132, 1267−1269. (b) Garr, 
A. N.; Luo, D. H.; Brown, N.; Cramer, C. J.; Buszek, K. R.; VanderVelde, D. Experimental and Theoretical 
Investigations into the Unusual Regioselectivity of 4,5-, 5,6-, and 6,7-Indole Aryne Cycloadditions. Org. 
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interesting reactions of diaziridines with HDDA-benzynes.42 This is exemplified by the 
reaction displayed in Scheme 2.4. Once again, triyne 248 was heated to generate benzyne 
252, which was trapped by diaziridine 256 to give N-arylhydrazone 257. The structure of 
257 indicated that the nucleophilic addition step occurred between the tertiary nitrogen 
atom and the more electrophilic benzyne carbon, which resulted in the formation of 
zwitterion 258. Two possible zwitterionic intermediates 259 and 260 could give rise to 
the final product, each of which might stem from 258. The utility of the product was 
further demonstrated by a Fisher indole cyclization to furnish indole 261.  
Scheme 2.5. Intramolecular Alder-Ene Reaction of HDDA-Benzynes to Access 
Benzocyclobutenes. 
 
Lee et al. developed an elegant way to synthesize benzocyclobutenes via HDDA-benzyne 
chemistry (Scheme 2.5).43 The key step that forges the strained four-membered ring is an 
Alder-ene reaction, which has been extensively studied by their group.44 As shown in 
Scheme 2.5, triyne precursor 262 underwent HDDA cycloisomerization to afford 
benzyne 264, which was designed to procced in a subsequent concerted Alder-ene 
reaction. Intriguingly, when R group at the terminus of the ynone moiety is only a 
hydrogen atom, they only observed extensive decomposition of the reactant. However, 
the reaction indeed occurred efficiently when R is C(OH)Me2 to afford benzocyclobutene 
                                                
42 Arora, S.; Palani, V.; Hoye, T. R. Reactions of Diaziridines with Benzynes Give N-Arylhydrazones. 
Org. Lett. 2018, 20, 8082−8085. 
43 Gupta, S.; Lin, Y.; Xia, Y.; Wink, D. J.; Lee, D. Alder-Ene Reactions Driven by High Steric Strain and 
Bond Angle Distortion to Form Benzocyclobutenes. Chem. Sci. 2019, 10, 2212–2217. 
44 (a) Karmakar, R.; Mamidipalli, P.; Yun, S. Y.; Lee, D. Alder-Ene Reactions of Arynes. Org. Lett. 2013, 
15, 1938–1941. (b) Gupta, S.; Xie, P.; Xia, Y.; Lee, D. Reactivity and Selectivity in the Intermolecular 
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263 in good yield. They hypothesize a transition state structure shown in the bracket, 
which benefits from the intramolecular hydrogen bonding between the lactone oxygen 
and the hydroxy group. In fact, DFT calculations support this idea—the energy barrier of 
concerted Alder-ene reaction is more than 11 kcal/mol higher for R = H vs R = 
C(OH)Me2. Moreover, the stereoselective cis benzocyclobutene formation is consistent 
with the computations: the transition state of cis-butene formation is 1.2 kcal/mol more 
stable than that of trans-butene formation. 
2.3 Mechanism of the Hexadehydro-Diels–Alder Reaction. 
The mechanistic understanding of HDDA reaction has significant impact on the reaction 
design in the works that have been detailed in this Thesis. The current widely accepted 
mechanism is summarized in Scheme 2.6 based on the extensive study of this topic.45 For 
simplicity, triyne 265 is shown as an example. The generated benzyne 266 is 
considerably more stable than triyne 265 because of the tremendous potential energy 
being stored in an alkyne. The HDDA reaction could occur via two possible pathways: a 
concerted [4+2] cycloaddition via transition state 267, or a stepwise cyclization via a 
diradical intermediate 269 and two transition states 268 and 270 for each bond formation. 
Both experimental and computational studies have suggested that the intramolecular 
HDDA cycloisomerization of polyynes is more likely to occur through a stepwise 
mechanism, which might be counterintuitive based on the mechanism of traditional 
Diels–Alder reactions. However, as depicted in transition state 267, the alkyne moieties 
and the five-membered lactone ring must be dramatically distorted to accommodate the 
                                                
45 (a) Ajaz, A.; Bradley, A. Z.; Burrell, R. C.; Li, W. H. H.; Daoust, K. J.; Bovee, L. B.; DiRico, K. J.; 
Johnson, R. P. Concerted vs Stepwise Mechanisms in Dehydro-Diels-Alder Reactions. J. Org. Chem. 2011, 
76, 9320−9328. (b) Liang, Y.; Hong, X.; Yu, P.; Houk, K. N. Why Alkynyl Substituents Dramatically 
Accelerate Hexadehydro-Diels-Alder (HDDA) Reactions: Stepwise Mechanisms of HDDA Cycloadditions. 
Org. Lett. 2014, 16, 5702−5705. (c) Marell, D. J.; Furan, L. R.; Woods, B. P.; Lei, X.; Bendelsmith, A. J.; 
Cramer, C. J.; Hoye, T. R.; Kuwata, K. T. Mechanism of the Intramolecular Hexadehydro-Diels-Alder 
Reaction. J. Org. Chem. 2015, 80, 11744−11754. (d) Wang, T.; Niu, D.; Hoye, T. R. The Hexadehydro-
Diels-Alder Cycloisomerization Reaction Proceeds by a Stepwise Mechanism. J. Am. Chem. Soc. 2016, 
138, 7832−7835. (e) Yu, P.; Yang, Z.; Liang, Y.; Hong, X.; Li, Y.; Houk, K. N. Distortion-Controlled 
Reactivity and Molecular Dynamics of Dehydro-Diels-Alder Reactions. J. Am. Chem. Soc. 2016, 138, 
8247−8252. 
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six-membered geometry, a restriction that can be avoided in the stepwise pathway. In fact, 
for the intermolecular HDDA reaction of ethyne and butadiyne, the concerted pathway 
has almost identical computed energy barrier to the stepwise counterpart. The open-shell 
nature of the intramolecular HDDA reaction is crucial to the reaction development. 
Rather than merely modifying the HOMO-LUMO orbital overlap, the radical-stabilizing 
effect of the substituents on the alkyne moieties would greatly affect the energy barrier 
for each transition state along the stepwise potential energy surface.  
Scheme 2.6. An Artificial Energy Diagram of the HDDA Cycloisomerization. 
 
Overall, previous studies on the hexadehydro-Diels–Alder reaction have built solid 
foundation for many researchers to advance this exciting field. The reaction is broadly 
applicable, atom-economical, and mechanistically intriguing. This pure thermal process is 
also complementary to the existing benzyne generation method. The pristine nature of 
thermally-generated benzyne has allowed and will inspire myriad discoveries of new 
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à Part II à 
New Trapping Reactions of Thermally 
and Photochemically Generated Benzynes  
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Chapter 3. Reaction of Perylenes with HDDA-Benzynes and 
the Photochemical HDDA Reaction 
The studies presented in this Chapter have been disclosed in and largely adapted from 
two published journal articles.46 Only data acquired from the author of this Thesis have 
been included in the experimental.  
3.1 Reaction of Perylenes with Benzynes. 
As previously discussed in Chapter 1, perylene (301) has been employed in the synthesis 
of PACs to good advantage.47 Previous relevant examples are shown in Scheme 3.1a. o-
Benzyne (302) adds in [4+2] fashion to 301 to give naphtho[1,2,3,4-ghi]perylene (304) 
following thermal extrusion of dihydrogen from the intermediate adduct 303.48,49 The bis-
benzyne precursor 305 was recently used to capture 301 under conditions where 306 
precipitated from solution, mitigating its further conversion to the second benzyne. 
Subsequent treatment with fluoride ion, now in the presence of a Pd(0) catalyst led to the 
insoluble trimer 307, which was characterized at atomic resolution by scanning probe 
microscopy.50  
Recently, we have turned our attention to exploring the application of the HDDA reaction 
to the synthesis of compounds of potential utility in various photonic or electronic 
                                                
46 (a) Xu, F.; Xiao, X.; Hoye, T. R. Reactions of HDDA-Derived Benzynes with Perylenes: Rapid 
Construction of Polycyclic Aromatic Compounds. Org. Lett. 2016, 18, 5636–5639. (b) Xu, F.; Xiao, X.; 
Hoye, T. R. The Photochemical Hexadehydro-Diels-Alder (hv-HDDA) Reaction. J. Am. Chem. Soc. 2017, 
139, 8400–8403. 
47 Markiewicz, J. T.; Wudl, F. Perylene, Oligorylenes, and Aza-Analogs. ACS Appl. Mater. Interfaces 
2015, 7, 28063–28085. 
48 (a) Stork, G.; Matsuda, K. Preparation of benzocoronene and intermediates. U.S. Patent 3,364,275, 
1968. (b) Fort, E. H.; Scott, L. T. Gas-phase Diels–Alder Cycloaddition of Benzyne to an Aromatic 
Hydrocarbon Bay Region: Groundwork for the Selective Solvent-Free Growth of Armchair Carbon 
Nanotubes. Tetrahedron Lett. 2011, 52, 2051–2053. 
49 Kocsis, L. S.; Kagalwala, H. N.; Mutto, S.; Godugu, B.; Bernhard, S.; Tantillo, D. J.; Brummond, K. M. 
Mechanistic Insight into the Dehydro-Diels–Alder Reaction of Styrene–Ynes. J. Org. Chem. 2015, 80, 
11686–11698.  
50 Schuler, B.; Collazos, S.; Gross, L.; Meyer, G.; Pérez, D.; Guitián, E.; Peña, D. From Perylene to a 22-
Ring Aromatic Hydrocarbon in One-Pot. Angew. Chem. Int. Ed. 2014, 53, 9004–9006. 
  35 
 
materials. One avenue has been to examine the reactions of 309 (generated from polyyne 
308) with 301. If these were to proceed by way of the precedent in Scheme 3.1a, multiple 
substituents and functionality could readily be incorporated into the naphtho[1,2,3,4-
ghi]perylene products 310.  
Scheme 3.1. (a) Synthetic Strategies Based on Perylene for the Synthesis of Some 
Polycyclic Aromatic Compounds (PAC). (b) Possible Routes to PACs through HDDA 
Cascade Reactions. 
 
The first such reaction was explored by Dr Feng Xu, a former postdoctoral scientist in 
our lab. He performed a reaction between perylene (301) and tetrayne precursor 308a, 
which contains a dipropargylated malonate ester linker (Scheme 3.2). This HDDA 
cascade, effected simply by heating a CHCl3 solution of 308a and (only) 1.5 equiv of 301 
at 85 °C for 10 h, provided an air-stable yellow powder that could be purified by column 
chromatography to remove excess perylene followed by addition of methanol to a 
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Scheme 3.2. Synthesis of Polycyclic Aromatic Compounds 310a-g through Reactions of 
Tetraynes 308a-e with Perylene 301. 
 
Analysis of the 1D and 2D 1H-NMR spectra allowed us to assign the structure as 310a. 
Resonances corresponding to H5, H6, and H10, each of which resides in a bay region of 
the naphtho[1,2,3,4-ghi]perylene moiety, were observed at ca. 8.9 ppm (Figure 3.1). In 
contrast the resonance for H1, the fourth bay region proton, as well as that of H2 resided 
significantly farther upfield, a reflection of the shielding provided by the adjacent aryl 
group of the biaryl moiety. No alkyl methine protons were observed, suggesting that two 
hydrogen atoms had been lost from the presumed initial Diels–Alder adduct between 
309a and 301 (cf. Scheme 3.1a) to rearomatize the perylene subunit. The ESI mass 
spectrum confirmed that fact.  
With this result in hand, Dr Xu and I explored some aspects of the substrate scope for this 
reaction (Scheme 3.2). Tetraynes 308a-c demonstrate that arenes having both electron-
poor and –rich character are well tolerated. The three-atom tether in the tetrayne can 
include a sulfonamide (308d) and ether (308e) functionality as the central linking atom. 
The electron-deficient perylene derivative containing ester groups in the 3, 4, 9, and 10 
positions was also an effective benzyne trapping agent, even when used in near 
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can be prepared in just two steps from commercially available alkyne precursors. 
 
Figure 3.1. 1H-NMR spectrum of 310a (500 MHz, CDCl3). 
In the reaction giving 310f, I isolated a small amount (5%) of the bis-adducts 311-syn 
and 311-anti. These could be chromatographically separated from 310f, but coeluted as a 
2:1 mixture, an orange powder upon solvent removal. These arise from subsequent head-
to-tail and head-to-head addition of the benzyne from 308c to the product 310f, which 
indicates that dihydrogen was being lost during the course of the HDDA cascade reaction 
time and temperature. Trace amounts of analogous double adducts were observed in the 
crude NMR spectra of most of the product mixtures leading to 310a-e and 310g, but in 
those other instances solubility issues made isolation of pure material challenging. 
Experiments using an excess of tetrayne substrate over the amount of perylene (or 
perylene tetraester) did not allow for efficient production of any of the expected bis-
adducts. It is worth noting that perylene has been converted by dienophiles into double 
addition adducts in a single operation in only a few instances and never in high yield.51 
                                                
51 Ghosh, A.; Rao, K. V.; George, S. J.; Rao, C. N. R. Noncovalent Functionalization, Exfoliation, and 
Solubilization of Graphene in Water by Employing a Fluorescent Coronene Carboxylate. Chem. Eur. J. 
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Nevertheless, this reaction shows the feasibility of constructing dibenzocoronene from 
perylenes and benzynes in a single step. 
 
Figure 3.2. Double adducts from benzyne addition to 310f. 
I performed DFT [SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)//B3LYP/6-31G(d)] 
calculations on a model system to further probe mechanistic aspects of these reactions. I 
calculated the energy profile (Figure 3.3) for the reaction between benzyne itself (302) 
and perylene (301). The Diels–Alder (DA) reaction is computed to have a free energy of 
activation (cf. TS1) of ca. 11 kcal•mol-1. That step is highly exergonic because, in 
addition to the usual driving force for p- to s-bond change accompanying a DA event, 
the high degree of strain energy in benzyne more than compensates for the lowering of 
the perylene aromatic resonance stabilization. I also located a transition structure, TS2, 
(27.4 kcal•mol-1 uphill) that directly connects the DA adduct 303 and product 304. TS2 
was computed to have a symmetrical structure, suggesting a concerted loss of dihydrogen. 
In comparison to the activation energy required for similar concerted dehydrogenation of 
dihydronaphthalene derivatives (ca. 31 kcal•mol-1, computed)49 and dihydrobenzene 
(42.7 kcal•mol-1, experimental),52 we suggest that the activation energy for the 
conversion of 303 to 304 would be even lower for the 3c,13a-dihydro adducts leading to 
products 310 because of the additional p-substituents present in 310. In other words, the 
DA adduct of the HDDA benzyne and perylene may require an activation energy even 
less than 27.4 kcal•mol-1 for the release of dihydrogen, consistent with the fact that we 
                                                
52 Ellis, R. J.; Frey, H. M. The Thermal Unimolecular Isomerisation of Bicyclo[3,1,0]hex-2-ene and 
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never detected an intermediate dihydro adduct in any of the reactions we report here. 
 
Figure 3.3. Computed free energy changes for the reaction of benzyne (302) with 
perylene (301) to give the naphthoperylene 304 via extrusion of dihydrogen from the 
primary Diels–Alder adduct 303. 
Finally, Dr Xu studied the photophysical and electrochemical properties of adducts 310a-
g and 311. I once again turned to DFT calculations to support our experimental data. The 
HOMO and LUMO energies and molecular orbital maps were computed for each of 
310a-c/e-g [(TD)DFT, B3LYP/6-31G(d)]. In two instances only, the HOMO and LUMO 
were seen to be located in two significantly different portions of the molecule (Figure 
3.4). Namely, the HOMO in 310a resided principally on the naphthoperylene core while 
the LUMO was largely localized on the alkynyl p-carbomethoxyphenyl substituents. The 
reverse was true for 310f, the naphthoperylenetetraester that bears p-methoxyphenyl 
substituents. It might be expected, then, that emission from the excited state singlets for 
each of these compounds would reflect the intramolecular charge transfer character in 
each. Indeed (and uniquely among all of the compounds 10), the emission spectra for 
both 310a and 310f are noticeably broader and red-shifted in comparison to those of their 
counterparts 310b-e. It is notable that the redistribution of orbital density in both of these 
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since the former can (and does in the DFT optimization) adopt co-planarity with the 
naphthoperylene polycycle.  
 
Figure 3.4. Computed (DFT) HOMO and LUMO for 310a and 310f showing the orbital 
density on the phenyl substituents for the LUMO of 310a and the HOMO of 310f. 
In conclusion, we have described a series of new polycyclic aromatic compounds that can 
be readily accessed through reaction between HDDA-generated benzynes 309 and 
perylene (301) or its 3,4,9,10-tetraethyl ester derivative. The reaction is accompanied by 
in situ aromatization of the initial Diels–Alder adduct, presumably by spontaneous 
ejection of dihydrogen. Novel bis-adducts 311 were observed. Finally, absorption and 
emission spectra revealed a behavior that was consistent with the differences in the 
computed HOMO and LUMO maps. 
3.2 The Photochemical HDDA Reaction. 
Dr Feng Xu has also discovered that certain tetrayne precursors 312 bearing aryl 
substituents can undergo HDDA reaction by UV irradiation (Figure 3.5). The reaction 
temperature can be significant lower than thermal HDDA reactions, which can be 
especially useful in the context of bioorthogonal chemistries. UV-vis spectroscopy 
revealed that these aryl-substituted tetraynes show significant absorption in readily 
accessible regions of the UV spectrum, whereas the absorption spectrum of the 
dialkylated analog does not display this feature. Indeed, the alkyl-substituted tetraynes 
have not proven to be a functional photo-HDDA substrate in our hands. Clearly, 
conjugation provided by aryl substitution is advantageous, perhaps essential, for 
HOMO of 310f LUMO of 310fHOMO of 310a LUMO of 310a
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rendering the substrate photoreactive. We also observed that photo-generated benzynes 
behave in the same fashion as thermal-generated benzynes with respect to their trapping 
reactions, suggesting they are of the same electronic state.  
 
Figure 3.5. Selected examples of photochemical HDDA reaction. 
Dr Xu and I further explored the scope of photochemical HDDA reaction. Selected 
examples are shown in Figure 3.5. I examined different cycloaddition trapping partners 
with photochemically generated benzynes. [2+2] cycloaddition with norbornene, dipolar 
cycloaddition with ethyl diazoacetate, [4+2] cycloaddition with anthracene and furan 
gave cycloadducts 313a-d. Moreover, different tether can be tolerated in this 
photochemical transformation (313d). I also calculated the geometry of the benzyne 
leading to 313a-c. Although the benzyne is unsymmetrical, the internal bond angles at 
carbons a and b are computed [DFT SMD(chloroform)/M062X/6-31+G(d,p)] to be nearly 
identical (126.6° vs 128.9°). As such, the bias for attack by an external nucleophile 
should be governed more by steric rather than distortion factors.  
In summary, we have described the first examples of photoinitiated cycloisomerizations 
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of reaction was effective for a number of different tetrayne substrates that vary both in 
the nature of the aryl substituents on the terminus of each conjugated butadiyne subunit 
as well as in the type of atoms that compose the linkage between the two diynes. Each of 
the photochemical HDDA reactions described was also performed thermally; in most 
cases, very little variation in isolated yields was observed (see Supplementary 
Information). We speculate that this photochemical HDDA reaction could prove 
advantageous in activating benzyne chemistry in, for example, light-addressable or 
biological settings. 
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Chapter 4. Access to Other Reactive Intermediates via 
Benzynes 
4.1 Benzocyclobutadienes. 
The studies presented in this Section have been disclosed in and largely adapted from a 
published article.53 Only data acquired from the author of this Thesis have been included 
in the experimental. The Compound Numbers in this Section are directly adapted from 
reference 53. New numbers (start with 401) only apply to compounds that have NOT 
been reported in the published manuscript. 
Unlike o-benzyne (1), another highly reactive intermediate benzocyclobutadiene (2, 
BCB) is not nearly as explored due to its relative inaccessibility.54 Moreover, reactions of 
BCBs, once formed, are often not highly selective and give rise to an array of products. 
In principle, BCB can be generated by reaction of a benzyne with an alkyne via a net 
[2+2] cycloaddition. However, reports of such transformations are extremely rare.55 This 
is surprising because the reaction of a benzyne with an alkyne is computed to be 
significantly exergonic (cf. 58.5 kcal•mol-1 for 9 to 10, Figure 4.4) and to proceed with a 
low activation energy.56 Therefore, the paucity of reports of alkyne and benzyne [2+2] 
reactions may reflect inefficiency in the subsequent manifold of reactions into which an 
initially formed BCB intermediate enters rather than inherent difficulty in its generation. 
                                                
53 Xiao, X.; Woods, B. P.; Xiu, W.; Hoye, T. R. Benzocyclobutadienes: An Unusual Mode of Access 
Reveals Unusual Modes of Reactivity. Angew. Chem. Int. Ed. 2018, 57, 9901–9905. 
54 (a) Cava, M. P.; Mitchell, M. J. Cyclobutadiene and Related Compounds; Academic, New York, 1967. 
(b) Toda, F.; Garratt. P. Four-Membered Ring Compounds Containing Bis(methylene)cyclobutene or 
Tetrakis(methylene)cyclobutane Moieties. Benzocyclobutadiene, Benzodicyclobutadiene, Piphenylene, and 
Related Compounds Chem. Rev. 1992, 92, 1685–1707. 
55 (a) Stiles, M.; Burckhardt, U.; Haag, A. Reaction of Benzyne with Acetylenic Compounds. J. Org. 
Chem. 1962, 27, 4715–4716. (b) Stiles, M.; Burckhardt, U. Thermal and Photochemical Rearrangement of 
Substituted Dibenzo[a,e]cyclooctatetraenes. J. Am. Chem. Soc. 1964, 86, 3396–3397. (c) Umezu, S.; 
Gomes, G. P.; Yoshinaga, T.; Sakae, M.; Matsumoto, K.; Iwata, T.; Alabugin, I. V.; Shindo, M. 
Regioselective One-Pot Synthesis of Triptycenes via Triple-Cycloadditions of Arynes to Ynolates. Angew. 
Chem. Int. Ed. 2017, 56, 1298–1302. 
56 Cahill, K. J.; Ajaz, A.; Johnson, R. P. New Thermal Routes to ortho-Benzyne. Aust. J. Chem. 2010, 63, 
1007–1012. 
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In the initial discovery, Stiles et al. (Figure 4.1a) rationalized the formation of 
dibenzocyclooctatetraenes 3 by dimerization of BCB intermediates 2.55a,b In the only 
other example of this type of process to our knowledge, Shindo and Alabugin recently 
reported the reaction of various benzynes with electron-rich ynolates 4 to give triptycenes 
6, which they proposed to arise via initial formation of formal [2+2] adducts 5 (Figure 
4.1b). 55c 
 
Figure 4.1. Only previous examples of benzyne + alkyne net [2+2] cyclization (a, b) and 
our first encounter: dimerization of 7 (c). 
As previously discussed, the hexadehydro-Diels–Alder (HDDA) reaction provides a 
reagent-free and fully atom-economical method for producing a benzyne intermediate 
from a polyyne substrate. The formation of benzyne is the rate-limiting step in an HDDA 
generation/trapping cascade,57 which means that the benzyne is present in only a low 
steady-state concentration along with a larger amount of the polyyne precursor, 
depending upon the stage of conversion. Therefore, in the absence of a trapping reagent, 
we presume that the HDDA-benzyne engages one of the several alkynes in the substrate, 
                                                
57 (a) Woods, B. P.; Baire, B.; Hoye, T. R. Rates of Hexadehydro-Diels–Alder (HDDA) Cyclizations: 
Impact of the Linker Structure. Org. Lett. 2014, 16, 4578−4581. (b) Niu, D.; Wang, T.; Woods, B. P.; Hoye, 
T. R. Dichlorination of (HDDA-generated) Benzynes and a Protocol for Interrogating the Kinetic Order of 
Bimolecular Aryne Trapping Reactions. Org. Lett. 2014, 16, 254−257. (c) Willoughby, P. H.; Niu, D.; 
Wang, T.; Haj, M. K.; Cramer, C. J.; Hoye, T. R. Mechanism of the Reactions of Alcohols with o-Benzynes. 
J. Am. Chem. Soc. 2014, 136, 13657−13665. 
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generally in a non-selective fashion to generate a host of BCB intermediates, resulting in 
intractable product mixtures.  
However, to our surprise, Dr Brian Woods, a graduate student in our lab at the time, 
observed that heating the triyne 7 in the absence of any trapping partner gave one major 
product (1H NMR spectrum of the crude product mixture)—the dimer 8, which was 
isolated in 45% yield (Figure 4.1c). Five alkyne units in two molecules of 7 had been 
transformed into a naphthalene core bearing one tBu-ethynyl substituent. This purely 
thermal process raises a number of intriguing mechanistic questions.  
 
Figure 4.2. Proposed mechanism for dimerization of triyne 7 to the alkynylnaphthalene 
derivative 8. 
Our proposed mechanism for this unexpected transformation is shown in Figure 4.2. The 
consumption of 7 proceeded with a comparable half-life to that of a similar triyne 
substrate in a typical HDDA cycloisomerization.45c Thus, formation of the HDDA 
benzyne 9 derived from triyne 7 presumably began the process. To form the observed 
regioisomer of naphthalene 8, benzyne 9 would need to selectively undergo a [2+2] 
cycloaddition with one of the three triple bonds in 7 and with a preference for one of two 
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trapped regioselectively in a [4+2] cycloaddition as the 4p component by the 
intramolecularly tethered propiolate dienophile to afford the hemi-Dewar naphthalene 11. 
Intermediate 11 would be expected to rapidly open to 8.58  
 
Figure 4.3. Examples of dimerizations of ester-tethered triynes 12. [a] dr = 1:1. [b] a small 
amount of a regioisomer was observed (1H NMR analysis of the crude product mixture). 
[c] 140 °C, 48 h. [d] 150 °C, 24 h.  
To explore some of the generality of the reaction, I prepared a series of analogs of ester 7, 
differing in the substituents at the termini of the diyne and diynophile (12, Figure 4.3). 
Notably, a cyclopropyl group remains intact (13d), presumably because the spin of the 
diradical intermediates is substantially delocalized, thereby slowing the rate of the 
                                                
58 The parent hemi-Dewar naphthalene is reported to open to naphthalene with a t1/2 of ca. 5 h at 38 °C: 
Grimme, W.; Heinze, U. Kinetik und Enthalpie der Isomerisierung von Benzobicyclo[2.2.0]hexa-2,5-dien. 
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potential ring-opening reaction. 59  Aryl substituents (13i–13o) are compatible. The 
presence of a TMS group in the aryl-substituted triynes led to improved yields and 
facilitated the solubility and handling of some of the products. Some of the products 
exhibited blue fluorescence upon exposure to a 365 nm light source (see Supplementary 
Information for two examples).60  
 
Figure 4.4. Calculated energy profile for the dimerization of 7 to 8. 
                                                
59 Halgren, T. A.; Roberts, J. D.; Horner, J. H.; Martinez, F. N.; Tronche, C.; Newcomb, M. Kinetics and 
Equilibrium Constants for Reactions of α-Phenyl- Substituted Cyclopropylcarbinyl Radicals. J. Am. Chem. 
Soc. 2000, 22, 2988–2994. 
60 Xu, F.; Hershey, K. W.; Holmes, R. J.; Hoye, T. R. Blue-Emitting Arylalkynyl Naphthalene Derivatives 
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I performed DFT calculations performed to inform the mechanistic thinking (Figure 4.4). 
Consistent with earlier results for other HDDA cycloisomerizations, 45c conversion of 7 to 
9 is seen to be exergonic by 47.7 kcal•mol-1. Again in accord with an earlier 
observation,56 I found the reaction of 9 with a second molecule of 7 to form the BCB 
intermediate 10 to be a stepwise net [2+2] cyclization proceeding through the (anti-
oriented) diradical 401. The regiochemical outcome is dictated by the first bond for-
mation in this stepwise process. Because an alkyne is a strong radical-stabilizing group,61 
the lowest energy transition structure (TS) arises from bond formation between one atom 
in benzyne 9 and one of the terminal atoms in the 1,3-butadiyne moiety of 7. We located 
three possible TSs for this first bond formation. The lowest energy TS1 (orange) involves 
union between the less hindered terminus in the 1,3-butadiyne moiety. This is consistent 
with the structure of the experimentally observed product 8. Two other pathways leading 
to regioisomers (and shown in cyan and green) have a 1.4 or 4.9 kcal•mol-1 higher barrier, 
respectively. The BCB intermediate arising from the cyan mode of addition would not be 
effectively captured by its intramolecular propiolate, which could explain the somewhat 
poorer yields for the triynes with a less bulky substituent on the diyne terminus. Lastly, 
the minor regioisomer (e.g., 13i’ in SI) arose from the least favorable TS (green), which 
in a number of instances was not even detected. Following the initial bond formation, 
anti-diradical 401 undergoes a low barrier (7.4 kcal•mol-1) bond rotation and collapses 
directly to the BCB intermediate 10 rather than affording a minimum energy syn-
diradical.62  
The next stage of the cascade (blue numbers) carries the BCB 10 to the hemi-Dewar 
naphthalene 11. TSs for both concerted and stepwise intramolecular [4+2] cycloaddition 
                                                
61 (a) Bernstein, H. J. The Average XH Stretching Frequency as a Measure of XH Bond Properties. 
Spectrochim. Acta 1962, 18, 161−170. (b) Pasto, D. J.; Krasnansky, R.; Zercher, C. Stabilization Energies 
and Structures of Substituted Methyl Radicals. J. Org. Chem. 1987, 52, 3062−3072. (c) Henry, D. J.; 
Parkinson, C. J.; Mayer, P. M.; Radom, L. Bond Dissociation Energies and Radical Stabilization Energies 
Associated with Substituted Methyl Radicals. J. Phys. Chem. A 2001, 105, 6750−6756. (d) Zipse, H. 
Radical Stability—a Theoretical Perspective. Top. Curr. Chem. 2006, 263, 163−189. 
62 Yao, Z. K.; Yu, Z. X. Mechanisms of the Thermal Cyclotrimerizations of Fluoro- and Chloroacetylenes: 
Density Functional Theory Investigation and Intermediate Trapping Experiments. J. Am. Chem. Soc. 2011, 
133, 10864−10877. 
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were explored.63 Although TS3’ for the former was located, it is very high in free energy 
and unstable to spin-symmetry breaking. On the other hand, the stepwise mechanism via 
TS3, the diradical intermediate 402, and TS4, proceeds via a substantially lower set of 
activation free energies (18.0 kcal•mol-1 for the highest). The intramolecular propiolate 
linker might be crucial because of its low-lying LUMO and the highly-congested 
geometry of TS3. Finally, the fragmentation of the hemi-Dewar naphthalene 11 (magenta 
numbers) passes through TS5 (9.2 kcal•mol-1) to afford naphthalene 8. Notably, the 
overall transformation that converts the five CºC bonds in two molecules of 7 to the 
naphthalene 8 is computed to be 199 kcal•mol-1 exergonic! 
 
Figure 4.5. Hetero-dimer formation between a fast-reacting HDDA substrate (e.g., 14) 
and propiolate 7 and its analogs. [a] t1/2 = ca. 3 h @ 80 °C. [b] t1/2 = ca. 3 h @ 130 °C [c] 
Each of products 16c, 20, and 21 was accompanied by a minor regioisomer (see SI). [d] 
Yields are for chromatographically purified compounds. 
                                                
63 Limanto, J.; Khuong, K. S.; Houk, K. N.; Snapper, M. L. Intramolecular Cycloadditions of 
Cyclobutadiene with Dienes:  Experimental and Computational Studies of the Competing (2+2) and (4+2) 
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To bring additional light to bear on our hypothesized mechanism, I carried out hetero-
dimerization experiments. The HDDA precursors 14a–d and triynes 7a–d (Figure 4.5a) 
have the indicated mismatched half-lives for their rates of cycloisomerization. We 
presumed that, when heated together at 80 °C, triyne 7 would remain essentially intact, 
while tetrayne 14 would cyclize to the benzyne 15. In the event, 15 was trapped by 7 to 
give 16a–d in a process paralleling the benzocyclobutadiene trapping stage in the 
homodimerization of 7. Similarly, two faster-reacting polyynes were also tested with the 
propiolate derivative 7d (Figure 4.5b); these gave rise to the polyaromatic compounds 
(18, 20). The product fluorenone 18 is noteworthy because it arises from a naphthyne 
intermediate, formed by way of a domino-HDDA, double cycloisomerization of a 
pentayne precursor (see Chapter 6 for detailed discussions). Additionally (Figure 4.5c), 
the propiolate diyne 7e captured the benzyne derived from 14a to give 21, a product 
suggesting that the bulky mesityl substituent had steered the intramolecularly linked 
propiolate to approach the BCB in an unusual orientation (see the dashed line) to afford a 
net [2+2+2] product along with a minor isomer that derives from the normal pathway (ca. 
5:1, see SI). 
We next hypothesized that an initial stepwise [2+2] reaction between a benzyne and a 
simple alkyne (but one bearing a radical stabilizing group) would also form a BCB 
intermediate, which might then be trapped preferentially by a second, electron-deficient 
alkyne. This was first demonstrated (Figure 4.6a) in a three-component reaction 
involving the HDDA-precursor 22, the (relatively) electron-rich 2,4-hexadiyne (23a), and 
electron-poor dimethyl acetylenedicarboxylate (24). The naphthalene derivative 25a 
(38%) was produced; its structure was assigned on the basis of nOe and HMBC analyses. 
This reaction most likely proceeds through three reactive intermediates: the benzyne 26, 
the BCB 27, and the hemi-Dewar naphthalene 28. Similarly, we surmised that simple 
arylethynes 23b–d might also serve as effective initial alkyne traps for the benzyne 
(Figure 4.6b). Indeed, heating 22 with one of 23b–d and 24 gave 25b–d. Each of these 
reactions could have produced 8 constitutionally isomeric, 3-component adducts, but the 
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only such product observed (direct LC-MS analysis of the reaction mixture) was that 
having the skeleton common to 25b–d.  
 
Figure 4.6. Three-component reactions: benzyne + electron-rich alkyne + BCB 
“dienophile”. Five equivalents of each (relative to the HDDA substrate) were used in 
each experiment.  
I then showed it is not essential to use an alkyne as the electron-deficient BCB trapping 
agent for this transformation. For example, reactions of 22 with 23a/23b in the presence, 
now, of maleimide 29 as the third component led to dihydronaphthalene products 25e/25f 
(Figure 4.6c). To demonstrate that these reactions are not unique to only the benzyne 26, 
the ester-linked triyne HDDA substrate 7d was also examined. When heated in the 
presence of DMAD (24) and 2,4-hexadiyne (23a), this gave 25g (Figure 4.6d), the direct 
analog of product 25a. Interestingly, when this reaction was performed in the absence of 
24, a three component product was still observed—namely, 25h. This 2:1 adduct has 
incorporated two equivalents of 2,4-hexadiyne (23a) and the benzyne from 7d. The 
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highly asynchronous event with considerable diradical character—the non-participating, 
second alkyne in 23a is a powerful radical stabilizing group.61 
 
Figure 4.7. A four-atom tether thwarts the HDDA reaction by allowing for faster 
formation of the CB 32. [a] a small amount of a (symmetrical) regioisomer (see SI) was 
also observed. 
Finally, with the help of a talented undergraduate student, Mr. Wen Xiu, I have observed 
that the high, strain relief-driven reactivity of a benzyne is not a prerequisite for 
cyclobutadiene formation.64 In particular, when heated in the presence of DMAD (24), 
the tetrayne 30 (Figure 4.7) gave the adducts 33a and 33b as the only tractable products. 
These most likely arise from a [4+2] reaction between the fused cyclobutadiene (CB) 32 
and 24. It is surprising that the tetrayne 30, which contains a four-atom tether between its 
                                                
64 Related substrates that might have produced a fused CB have been shown to proceed, instead, through a 
propargylic ene reaction, a process not feasible for 30: (a) Saaby, S.; Baxendale, I. R.; Ley, S. V. Non-
Metal-Catalysed Intramolecular Alkyne Cyclotrimerization Reactions Promoted by Focussed Microwave 
Heating in Batch and Flow Modes Org. Biomol. Chem. 2005, 3, 3365–3368. (b) Robinson, J. M.; Sakai, T.; 
Okano, K.; Kitawaki, T.; Danheiser, R. L. Formal [2 + 2 + 2] Cycloaddition Strategy Based on an 
Intramolecular Propargylic Ene Reaction/Diels−Alder Cycloaddition Cascade. J. Am. Chem. Soc. 2010, 
132, 11039–11041. A four-atom tethered diyne without additional alkynyl substituents required 265 °C (4 
h) to form a CB intermediate: c) Lee, C.; Leung, M.; Lee, G.; Liu, Y.; Peng, S. Revisit of the Dessy−White 







































  53 
 
internal alkynes, gives a CB to the exclusion of a benzyne.65 This is the first time we have 
gained insight to why there is a nearly absolute requirement that HDDA substrates 
contain a three-atom tether linking the diyne and diynophile moities—a four-atom linker 
is more capable of accommodating formation of a fused cyclobutadiene (cf. 32) and the 
diradical (cf. 31) does so (black arrow) in preference to cyclizing at the distal terminus of 
the propargylic radical (gray arrow), even though the resulting benzyne is computed to be 
(see SI) 30.5 kcal•mol-1 more stable than the isomeric CB 32. Additionally, trapping of 
32 with N-phenylmaleimide (34) was explored. Initially, a mixture of multiple 
stereoisomeric products, composing what we surmised to be 2:1 adducts from DA 
reaction of the maleimide with 35, was observed. This complication was avoided when 
the reaction was performed in the presence of manganese dioxide, an oxidant that 
effectively intercepted diene 35 by its conversion to the phthalimide 36.66 
In conclusion, we have described a series of polyalkyne cascade processes via 
benzocyclobutadiene (BCB) intermediates. These demonstrate the feasibility of 
generating BCBs from certain (thermally generated) benzynes and appropriate alkyne 
trapping partners. A rare mode of BCB trapping—namely, as a 4p component in DA 
reactions—was also uncovered. This results in the production of alkynyl naphthalene 
derivatives under purely thermal conditions. DFT calculations support a stepwise 
formation of the BCB and guided us in the design of several multicomponent reactions. 
These results provide new mechanistic insights about thermal alkyne chemistry. 
  
                                                
65 As a control, 30 was heated in the presence of excess furan, an excellent benzyne trap, and no evidence 
for benzyne formation was seen. 
66 Corey, E.J.; Lazerwith, S. E. A Direct and Efficient Stereocontrolled Synthetic Route to the 
Pseudopterosins, Potent Marine Antiinflammatory Agents. J. Am. Chem. Soc. 1998, 120, 12777–12782. 
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4.2 o-Quinone Methides. 
The studies presented in this Section have been disclosed in and largely adapted from a 
published article.67 Only data acquired from the author of this Thesis have been included 
in the experimental. The Compound Numbers in this Section are directly adapted from 
reference 67.  
Quinone methides (QMs) are reactive intermediates of interest from the perspectives of 
preparative, mechanistic, and structural organic chemistry as well as their roles in 
chemical biology (e.g., biosynthetic pathways, prodrug cleavage, and electrophilic 
capture of biological nucleophiles).68 QMs are often generated by eliminative processes 
of phenol derivatives or by photochemical reactions (including reversible generation in 
photochromic molecules). Besides these two methods, benzyne, itself a versatile reactive 
intermediate, can also generate o-QMs by reaction with the C=O p-bond in carbonyl-
containing functional groups (Figure 4.8a). 69  For example, Yoshida and co-workers 
demonstrated a coupling reaction of two arynes with aldehydes to give 9-arylxanthene 
derivatives through QM intermediates. They, as well as Miyabe’s group, have also 
reported insertion reactions of arynes into formamide to afford coumarin derivatives 
following in situ trapping of the o-QM by esters, nitriles, and ketones. 
During the study of benzocyclobutadienes (Section 4.1), I have discovered a thermally 
generated benzyne derivative bearing a benzylic ether group can produce a four-
                                                
67 Shen, H.; Xiao, X.; Hoye, T. R. Benzyne Cascade Reactions via Benzoxetenonium Ions and Their 
Rearrangements to o-Quinone Methides. Org. Lett. 2019, 21, 1672–1675. 
68 (a) Van De Water, R. W.; Pettus, T. R. R. o-Quinone Methides: Intermediates Underdeveloped and 
Underutilized in Organic Synthesis. Tetrahedron 2002, 58, 5367–5405. (b) Ferreira, S. B.; Silva, F. D. C. 
D.; Pinto, A. C.; Gonzaga, D. T. G.; Ferreira, V. F. Syntheses of Chromenes and Chromanes via o-Quinone 
Methide Intermediates. J. Heterocycl. Chem. 2009, 46, 1080–1097. (c) Singh, M. S.; Nagaraju A.; Anand, 
N.; Chowdhury, S. ortho-Quinone Methide (o-QM): A Highly Reactive, Ephemeral and Versatile 
Intermediate in Organic Synthesis. RSC Adv. 2014, 4, 55924–55959. 
69 (a) Yoshida, H.; Watanabe, M.; Fukushima, H.; Ohshita, J.; Kunai, A. A 2:1 Coupling Reaction of 
Arynes with Aldehydes via o-Quinone Methides: Straightforward Synthesis of 9-Arylxanthenes. Org. Lett. 
2004, 6, 4049–40051. (b) Yoshida, H.; Ito, Y.; Ohshita, J. Three-component Coupling Using Arynes and 
DMF: Straightforward Access to Coumarins via ortho-Quinone Methides. Chem. Commun. 2011, 47, 8512–
8514. (c) Yoshioka, E.; Kohtani, S.; Miyabe, H. A Multicomponent Coupling Reaction Induced by Insertion 
of Arynes into the C=O Bond of Formamide. Angew. Chem., Int. Ed. 2011, 50, 6638–6642. 
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membered benzoxetenonium 1,3-zwitterion (middle structure in the brackets in Figure 
4.8b) by an intramolecular nucleophilic attack to the strained aryne bond, which 
represents an alternative mechanistic paradigm for producing o-QMs. Electrocyclic ring-
opening of the oxetene ring 70  affords an O-substituted o-QM intermediate, and a 
subsequent hydrogen atom migration gives a formal C–O bond insertion product. In this 
process, the steric bulk of the R1 group is crucial, possibly facilitating passage through 
the strained four-membered ring transition state geometry that leads to the strained four-
membered zwitterion.43 When R1 is a hydrogen, it is very similar to a substrate (Figure 
4.3) that proceeds in the dimerization pathway in Section 4.1.  
 
Figure 4.8. Generation of o-quinone methides via benzynes. 
The first time I encountered this unusual transformation was upon heating the ynone 
substrate 1a. The fluorenone derivative 2a was produced in excellent yield (Figure 4.9a). 
I proposed a mechanism to account for this outcome. Initially, triyne 1a undergoes a 
HDDA reaction to generate benzyne 3, which is trapped by the pendant benzylic silyl 
ether to give the benzoxetenonium species 4. Silyl migration to the anionic carbon in this 
zwitterion (a retro-Brook-like rearrangement) could occur at this stage, although the 
stereoelectronic features for that process appear to be much more favorable following  
                                                
70 (a) Adam, W.; Hadjiarapoglou, L.; Peters, K.; Sauter, M. Dimethyldioxirane Epoxidation of 
Benzofurans: Reversible Thermal and Photochemical Valence Isomerization between Benzofuran 
Epoxides, Quinone Methides, and Benzoxetenes. J. Am. Chem. Soc. 1993, 115, 8603–8608. (b) Tomioka, 
H.; Matsushita, T. Benzoxetene. Direct Observation and Theoretical Studies. Chem. Lett. 1997, 399–400. 
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Figure 4.9. Proposed mechanism (a) and selected examples (b). 
ring-opening to the O-silylated o-QM 5. Moreover, that electrocyclic opening itself might 
be expected to be quite rapid because it is accompanied by delocalization of the cationic 
portion of the zwitterion (cf. the computed TS2 in Figure 4.10, which suggests that this 
process is barrierless). A [1,5]-hydrogen atom shift in the neutral QM71 6 yields the o-
silylated phenol 7. We observed that under the reaction conditions for this experiment 
(150 °C, 14 h), this species had rearranged to the observed product 2a. Similar thermal 
Brook rearrangements of o-silylated phenols have been reported.72 Due to the size of each 
of the two substituents at the termini of triyne 1 (blue and red colors), the ease of these 
HDDA cycloisomerizations—necessarily the rate-limiting step in each case—required 
more elevated temperatures to form the benzyne compared to analogous ynone-triyne 
                                                
71  Bai, W.-J.; David, J. G.; Feng, Z.-G.; Weaver, M. G.; Wu, K.-L.; Pettus, T. R. R. The Domestication of 
ortho-Quinone Methides. Acc. Chem. Res. 2014, 47, 3655–3664. 
72 (a) Copper, G. D. Preparation and Thermal Rearrangement of Poly(trimethylsilyl)phenols. J. Org. 
Chem. 1961, 26, 925–929. (b) Eastham, S. A.; Ingham, S. P.; Hallett, M. R.; Herbert, J.; Quayle, P.; Raftery, 
J. A Formal Synthesis of Aflatoxin B2: a Dötz Benzannulation Approach. Tetrahedron Lett. 2006, 47, 
2299–2304. (c) Austin, W. F.; Zhang, Y.; Danheiser, R. L. A Benzannulation Strategy for the Synthesis of 
Phenols and Heteroaromatic Compounds Based on the Reaction of (Trialkylsilyl)vinylketenes with Lithium 
Ynolates. Tetrahedron 2008, 64, 915–925. (d) Schön, W.; Messinger, J.; Solodenko, W.; Kirschning, A. 
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substrates.57a Dr Hang Shen, a former visiting scholar in our lab, has shown that this 
transformation is quite general, selected examples are depicted in Figure 4.9b. 
 
Figure 4.10. Computed energy profile for transformation of A to G. 
I used DFT calculations [SMD(PhCl)/B3LYP-D3BJ/6-311+G**//B3LYP/6-31G*, Figure 
4.10] to further explore the mechanistic thinking laid out in Figure 4.9. A slightly 
simplified and symmetrized [e.g., TMS instead of TBS and an ester linker (cf. 9a, later)] 
set of structures was used. The HDDA-produced benzyne A is seen to cyclize to the 
benzoxetenonium ion B with a very low barrier (TS1, 3.5 kcal·mol-1), although this 
strained species is 1.7 kcal·mol-1 higher in free energy than the benzyne. This proceeds 
by way of an extremely facile, indeed, barrierless, electrocyclic ring-opening to afford the 
more stable zwitterion C. Subsequent retro-Brook reaction within the zwitterion C results 
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A 1,5-hydrogen atom shift in o-QM D gives the phenol E via TS4 (∆G≠ = 10.2 kcal·mol-
1). The keto tautomer F is seen to be less stable than the phenol by only 12.3 kcal•mol-1, 
although we do not know the specifics of the mediator that is promoting this symmetry-
forbidden 1,3-hydrogen atom migration. By contrast, processes like the 1,3-silyl 
migration of F to the silyl ether product G are known to be symmetry allowed and 
concerted (cf. TS5, ∆G≠ = 21.2 kcal·mol-1). 73  Finally, note that when the R group 
attached to the oxonium ion is not a silyl substituent (e.g., an alkyl group), alkyl 
migration is not observed. Instead, a protonation/deprotonation sequence via the benzylic 
carbenium ion is presumed to lead to the product. 
In conclusion, we have shown that certain polyyne substrates can efficiently undergo a 
tandem thermal isomerization via an o-QM intermediate. This represents a new pathway 
of formation of this class of intermediate. The scope of the reaction was briefly 
demonstrated and a plausible mechanistic pathway was proposed (Figure 4.9). 
Furthermore, DFT calculations provided additional support of the proposed mechanism 
(Figure 4.10). This represents another example of the HDDA reaction serving as a 
platform to support fundamentally new types of reactivity. 
  
                                                
73  (a) Brook, A. G.; MacRae, D. M.; Limburg, W. W. Stereochemistry of the Formation and Thermal 
Rearrangement of β-Ketosilanes. J. Am. Chem. Soc. 1967, 89, 5493–5495. (b) Slutsky J.; Kwart, H. The 
Kinetics, Stereochemistry, and Mechanisms of the Silaallylic and Silapropynylic Rearrangements. J. Am. 
Chem. Soc. 1972, 95, 8678–8685. (c) Yamabe, T.; Nakamura, K.; Shiota, Y.; Yoshizawa, K.; Kawauchi, S.; 
Ishikawa, M. Novel Aspects of the [1,3] Sigmatropic Silyl Shift in Allylsilane. J. Am. Chem. Soc. 1997, 
119, 807–815. (d) Takahashi, M.; Kira, M. A Theoretical Study of Mechanisms of 1,3-Silyl Migration in 
Formylmethylsilane and Related Migrations. Comparison with Allylsilane. J. Am. Chem. Soc. 1999, 121, 
8597–8603. 
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Chapter 5. Catalysis-Enabled Reactivities of Benzynes 
5.1 Cu(I)-Catalyzed Bromo- and Hydro- Alkynylations.  
The studies presented in this Section have been disclosed in and largely adapted from a 
published article.74 Only data acquired from the author of this Thesis have been included 
in the experimental. The Compound Numbers in this Section are directly adapted from 
reference 74.  
1,2-Haloalkynylation of arynes is a potentially valuable way to install a considerable 
degree of complexity into the aryne family of reactive intermediates. However, to the 
best of our knowledge, only one report has described such a transformation (Figure 5.1a). 
In 2010 Yoshida75 and coworkers showed that (symmetrical) benzynes generated by the 
Kobayashi protocol from 2-trimethylsilylaryl triflates (1) could engage bromoalkynes in 
the presence substoichiometric amounts of CuBr2. The major products 2 arose from the 
(presumably sequential) introduction of two molecules16 of benzyne; these were 
sometimes accompanied by lesser amounts of the 1:1 adducts 3, depending upon reaction 
conditions. We report here that benzynes 7, generated by the hexadehydro-Diels-Alder 
(HDDA) cycloisomerization reaction,38,39 efficiently undergo bromo- and hydro-
alkynylation in the presence of copper (I) catalysts (Figure 5.1b). Once again, a hallmark 
of the HDDA reaction is that the reactive benzyne intermediates are generated in the 
absence of any external reagent, rendering a pristine environment for the trapping event. 
The hydroalkynylation of benzynes has been studied more extensively and, again, the 
(mostly symmetric) benzynes have been generated by the Kobayashi protocol of fluoride 
                                                
74 Xiao, X.; Wang, T.; Xu, F.; Hoye, T. R. CuI-Mediated Bromoalkynylation and Hydroalkynylation 
Reactions of Unsymmetrical Benzynes: Complementary Modes of Addition. Angew. Chem. Int. Ed. 2018, 
57, 9901–9905. 
75 Morishita, T.; Yoshida, H.; Ohshita, J. Copper-Catalysed Bromoalkynylation of Arynes. Chem. 
Commun. 2010, 46, 640–642. 
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treatment of o-trimethylsilylaryl triflates.76 Here, we not only show the generality of this 
reaction under essentially neutral conditions, but also provide mechanistic insights that 
can be inferred from the products arising from the, necessarily, unsymmetrical HDDA-
benzynes. In addition, the regiochemical preferences for the hydroalkynylation and the 
bromo-alkynylation are complementary to one another (cf. 8/8’ vs. 9/9’)—C–C bond 
formation occurs preferentially at different carbon atoms of the reactive benzynes 7. 
 
Figure 5.1. (a) Previous reports by Yoshida et al. (b) This work. 
More generally,77 metal-catalyzed functionalization of an aryne is inherently challenging 
because the steady state concentration of both the aryne and the active organometallic 
                                                
76 (a) Xie, C. S.; Liu, L. F.; Zhang, Y. H.; Xu, P. X. Copper-Catalyzed Alkyne-Aryne and Alkyne-Alkene-
Aryne Coupling Reactions. Org. Lett. 2008, 10, 2393−2396. (b) Jeganmohan, M.; Bhuvaneswari, S.; 
Cheng, C. H. A Cooperative Copper- and Palladium-Catalyzed Three-Component Coupling of Benzynes, 
Allylic Epoxides, and Terminal Alkynes. Angew. Chem. Int. Ed. 2009, 48, 391−394. (c) Yoshida, H.; 
Morishita, T.; Nakata, H.; Ohshita, J. Copper-Catalyzed 2:1 Coupling Reaction of Arynes with Alkynes. 
Org. Lett. 2009, 11, 373−376. (d) Akubathini, S. K.; Biehl, E. Copper-Catalyzed Alkyne-Aryne Coupling 
Reaction under Microwave Conditions: Preparation of Unsymmetric and Symmetric Di-Substituted 
Alkynes. Tetrahedron Lett. 2009, 50, 1809−1811. 
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must be sufficiently high to allow for their mutual capture. I have found that 
bromoalkynylation occurs smoothly in the presence of CuBr in MeCN solvent. For 
example (Figure 5.2a), the tetrayne benzyne precursor 10, is trapped by 1-bromo-2-
phenylethyne (5a) in excellent yield when heated (80 °C) in the presence of 10 mol% of 
CuBr (structural assignment discussed below). Benzyne 11 is known to preferentially 
undergo nucleophilic attack at C6, which is consistent with both the easier steric access 
of the nucleophilic atom to C6 vs. C7 as well as with the larger internal bond angle41 at 
C6 computed for (the N-methanesulfonyl analog of)78 the N-toluenesulfonylbenzyne 11. 
 
Figure 5.2. (a) Scope of the bromoalkynylation Reaction. (b) Proposed catalytic cycle 
and basis for assignment of the constitution of 12a (cf. 20).   
                                                
78 Zhang, J. T.; Niu, D. W.; Brinker, V. A.; Hoye, T. R. The Phenol-Ene Reaction: Biaryl Synthesis via 




































































































































CF3 17 (50%)+ regioisomer (13:1)








  62 
 
The scope of the bromoalkynylation reaction is quite broad (Figure 2a). Aliphatic and 
aromatic bromoalkynes with a variety of functionalities are tolerated (cf. 12a–12k). We 
have also examined several polyyne substrates that incorporate different tethers; these led 
to the bromoalkynylation products 13–17. It is noteworthy that we have never observed a 
product indicating premature reaction of the HDDA polyyne precursor with any of the 
active organometallic species involved in this chemistry. Moreover, we observed no 
desired product formation in the absence of the copper catalyst.53 
We envision the reaction proceeding through a mechanism such as that depicted in Figure 
5.2b. The initial thermal cycloisomerization is the rate-determining step in the overall 
cycle, because the reaction rate is similar for triyne 10 regardless of the trapping agent 
used.79 We propose that benzyne 11 initially undergoes nucleophilic addition with CuBr 
to produce the aryl copper(I) species 18, which then reacts with a molecule of the 
bromoalkyne to generate the Cu(III) adduct 19. This view is consistent with the fact that 
trace amounts of chloro- or iodo-alkynylation products were observed (GC-MS) when 
CuCl or CuI was used as the catalyst instead of CuBr. Reductive elimination of the 
alkyne and arene ligands produces product 12. Two minor byproducts often detected 
were those corresponding to net hydrobromination and/or dibromination of the benzyne. 
These can be accounted for by hydrolytic capture of the ArCu species 18 by adventitious 
water or competitive (and, fortunately, less facile) reductive elimination of bromo and 
arene ligands from 19. It is noteworthy that when iodoalkynes was used, efficient 
diiodination rather than iodoalkynylation of the benzyne was observed. Presumably, the 
reductive elimination of iodo and arene ligands from the ArCuI2 species (analogous to 
19) became the dominate pathway (for more details, see an example in Section 6.1). 
Purposely adding water into the reaction mixture at the outset led to decreased overall 
yield of 12 with concomitant formation of the net hydrobromination adduct. The structure 
of 12 was confirmed by its conversion to the reductively debrominated derivative 20. The 
site of the aromatic proton was definitively identified based on the indicated nOe and 
                                                
79 Chen, J.; Palani, V.; Hoye, T. R. Reactions of HDDA-Derived Benzynes with Sulfides: Mechanism, 
Modes, and Three-Component Reactions. J. Am. Chem. Soc. 2016, 138, 4318–4321. 
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HMBC analyses. This mode of regioselectivity supported the above mechanistic view—
namely, that the initial bromination by CuBr had occurred at the more electrophilic site in 
benzyne 11. 
 
Figure 5.3. Potential synthetic applications. 
I briefly explored several potential synthetic applications of the bromoalkynylation 
products (Figure 5.3). One-pot halogen exchange and global deprotections of, for 
example, bromocarbazole 14 gave rise to alkynylcarbazole 21, whereas heating 
compound 14 with sodium sulfide efficiently provided the deprotected thienocarbazole 
22. 80  Palladium-catalyzed cross-couplings of the bromobenzene moiety were also 
tested. 81  For example, Sonogashira and Suzuki reactions of the bromoalkyne 15 
efficiently afforded the trialkynylbenzene 23 and the biaryl 24, respectively.  
                                                
80 Nakano, M.; Takimiya, K. Sodium Sulfide-Promoted Thiophene-Annulations: Powerful Tools for 
Elaborating Organic Semiconducting Materials. Chem. Mater. 2017, 29, 256−264. 
81 Seechurn, C. C. C. J.; Kitching, M. O.; Colacot, T. J.; Snieckus, V. Palladium-Catalyzed Cross-
Coupling: A Historical Contextual Perspective to the 2010 Nobel Prize. Angew. Chem. Int. Ed. 2012, 51, 
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Many alkyne cross-coupling reactions rely on the robustness of copper acetylides.82 We 
envisioned that when formed in situ, these could serve as nucleophiles to arynes and that 
a net hydroalkynylation process could ensue. This had the potential to be complementary 
to the bromoalkynylation reaction with respect to the point of attachment of the alkyne in 
the product arene. However, an organic amine is often required to promote Cu-acetylide 
formation, but (even tertiary) amines are excellent nucleophilic trapping agents for 
benzynes.83 Cu-acetylides can be formed and trapped in situ by the action of a fluoride 
base under conditions where arynes are being co-produced.76 Former group members Dr 
Feng Xu and Dr Tao Wang observed that in the absence of any added base, copper 
chloride alone (5 mol%), in acetonitrile solution, induces the addition of terminal alkynes 
(e.g., 6a) to HDDA benzyne intermediates (e.g., 11 from 10) to give net 
hydroalkynylation products (e.g., 25a; Figure 5.4a). Notably, they found that only a slight 
excess (1.1 equiv) of alkyne needs to be used because its oxidative dimerization can be 
mitigated either by careful deoxygenation of the reaction solution or, more conveniently, 
using sodium ascorbate, even under an ambient atmosphere, to prevent formation of 
Cu(II) species. Presumably these conditions allow for the Cu-acetylide to be relatively 
long-lived; the use of just 5 mol% of copper loading gave high enough steady-state 
concentration to effectively trap the reactive benzyne. The structure of 25a is the 
complement to that of 20 (Figure 5.2b) and is consistent with the proposal that Cu-
acetylide addition is involved in this transformation. Namely, the distorted nature of the 
HDDA-benzyne 11 (Figure 5.2a) is consistent with an initial alkynylcupration of the 
benzyne. 
Given the quite good isolated yield, mild reaction conditions, and the easy experimental 
setup, Dr Tao Wang and I were encouraged to explore the generality of this 
hydroalkynylation reaction. Products of both aromatic (25a–25g) and aliphatic (25h–25k)  
                                                
82 (a) Adeleke, A. F.; Brown, A. P. N.; Cheng, L. J.; Mosleh, K. A. M.; Cordier, C. J. Recent Advances in 
Catalytic Transformations Involving Copper Acetylides. Synthesis 2017, 49, 790−801. (b) Copper-
Mediated Cross-Coupling Reactions; Evano, G., Blanchard, N., Eds.; Wiley: Hoboken, 2013. 
83 Karmakar, R.; Yun, S. Y.; Wang, K. P.; Lee, D. Regioselectivity in the Nucleophile Trapping of Arynes: 
The Electronic and Steric Effects of Nucleophiles and Substituents. Org. Lett. 2014, 16, 6−9. 
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Figure 5.4. (a) Scope of the hydroalkynylation reaction revealed by outcomes with 
various alkynes and benzyne precursors. (b) Cu-catalyzed hydroalkynylation occurs 
faster than other potential aryne trapping reactions; in the absence of catalyst, aryl ether 
31 is the major product. 
alkyne addition are readily formed. For aromatic alkynes, the impact of electronic effects 
from substituents was minimal and ortho-substitution (25g) was tolerated. As with the 
bromoalkynylation, we also tested the behavior of several HDDA-benzyne precursors 
containing different tethers in the hydroalkynylation. These gave products 26–30 in high 
overall yield. The level of regioselectivity was uniformly lower for the hydroalkynylation. 
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erosion in efficiency (88% yield). The flanking aryl substituent in the intermediate 
benzyne substantially inhibits approach of the nucleophile to the proximal sp-carbon, 
leading to a reversal in the location of the alkyne in 29 vs. 30 (cf., also, 16). 
I also demonstrated orthogonal chemoselectivity simply by performing the reaction in the 
presence or absence of the Cu-catalyst. For example (Figure 5.4b), the hydroxy group in 
alkynol 6n traps benzyne 11 (from 10) to give the ether 31 when no CuCl is used.57c In 
contrast, under the copper catalysis conditions described here, the complementary alkyne 
25l was formed highly selectively, indicating that the copper acetylide trapping event of 
benzynes is much faster than that by OH. In neither reaction was any of the product of the 
alternative constitution observed by NMR analysis of the crude product mixture. 
Additional selectivity was seen when natural product derivatives were used as trapping 
agents.84 Namely, the hydroalkynylation products 25m and 25n were efficiently produced 
in the presence of CuCl when terminal alkynes derived from estradiol and cinchonidine 
(see SI for details) were used as the trapping agents. This is especially notable because 
these molecules contain additional potentially competing reactive moieties that include 
phenol,78 alcohol,57c ether,85  tertiary amine,84 alkene,44 cyclic alkane,86  and quinoline 
sites,87.88 
A mechanistic proposal for the hydroalkynylation reaction is shown in Figure 5.5. At the 
top are possible ways by which an initial copy of the requisite Cu-acetylide (34) could be 
formed. Sacrificial reaction of one benzyne with CuCl would give the arylcopper species 
32, which could then engage in proton exchange with the terminal alkyne 6.; indeed, we 
                                                
84 Ross, S. P.; Hoye, T. R. Reactions of Hexadehydro-Diels-Alder Benzynes with Structurally Complex 
Multifunctional Natural Products. Nat. Chem. 2017, 9, 523−530. 
85 Brewer, J. P. N.; Heaney, H.; Jablonski, J. M. Aryne Chemistry Part XV: The Cleavage of Ethers and 
Thioethers by Arynes. Tetrahedron Lett. 1968, 42, 4455–4456. 
86 Niu, D. W.; Willoughby, P. H.; Woods, B. P.; Baire, B.; Hoye, T. R. Alkane Desaturation by Concerted 
Double Hydrogen Atom Transfer to Benzyne. Nature 2013, 501, 531–534. 
87 Bhunia, A.; Roy, T.; Pachfule, P.; Rajamohanan, P. R.; Biju, A. T. Transition-Metal-Free 
Multicomponent Reactions Involving Arynes, N-Heterocycles, and Isatins. Angew. Chem. Int. Ed. 2013, 52, 
10040–10043. 
88 García-López, J.-A.; Greaney, M. F. Chem. Soc. Rev. 2016, 45, 6766–6798, and refs. 3–16 therein to 
previous reviews. 
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have detected low levels of the benzyne + HCl adduct 33 by GCMS analysis of a crude 
reaction mixture. Alternatively, acetonitrile could function as a base to deprotonate a 
CuCl•6 complex, leading to the HCl adduct 35;89,90 indeed, we have observed that the 
choice of acetonitrile as solvent is critical for success of the hydroalkynylation reaction. 
Once produced, 34 could then enter the cycle highlighted by the gray box. Alkynyl-
cupration of benzyne 11 would give 36 and proton exchange with 6 would lead to 25 and 
close the cycle. 
 
Figure 5.5. Proposed initiation event(s) and catalytic cycle for the hydroalkynylation 
reaction. 
                                                
89 For evidence supporting the existence of 1:1 adducts of HCl or HBr and acetonitrile (cf. 35) see: (a) 
Murray, F. E.; Schneider, W. G. On the Intermolecular Force Field of Nitrile. Can. J. Chem. 1955, 33, 797–
803. (b) Bajwa, J. S.; Jiang, X. L.; Slade, J.; Prasad, K.; Repic, O.; Blacklock, T. J. In-situ Generation of 
Et3SiBr from BiBr3 and Et3SiH and Its Use in Preparation of Dialkyl Ethers. Tetrahedron Lett. 2002, 43, 
6709−6713.  
90 For evidence supporting the existence of 2:1 adducts of HCl, HBr, or HI and acetonitrile (cf. 35•HCl): 
(a) Janz, G. J.; Danyluk, S. S. Hydrogen Halides in Acetonitrile. II. Solid Substrates. J. Am. Chem. Soc. 
1959, 81, 3850–3854. (b) Williams, J. M.; Peterson, S. W.; Brown, G. M. A Neutron Diffraction Study of 
the Reaction Product of Acetonitrile and Hydrogen Chloride: Chloroacetiminium Chloride, 
[CH3C(Cl)=NH2+]C1-. Inorg. Chem. 1968, 7, 2577–2582. A neutron diffraction study established the 
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In conclusion, we have developed an efficient copper-catalyzed protocol for installation 
of an alkynyl substituent onto a HDDA-generated benzyne. 1-Bromoalkynes lead to 
products of bromoalkynylation in which the bromide has preferentially engaged the more 
electrophilic carbon of the (necessarily) unsymmetrical benzyne (Figure 5.2a). The 
hydroalkynylation reaction of terminal alkynes occurs in complementary fashion; 
namely, the alkyne carbon is now attached to the more electrophilic carbon (Figure 5.4). 
Catalytic cycles for each of these two reaction processes are proposed (Figures 5.2b and 
5.5). The potential utility of the ortho-alkynylbromobenzene products as substrates in 
further transformations of interest is also demonstrated (Figure 5.3). 
5.2 BF3-Catalyzed C–H Insertion Reactions. 
The studies presented in this Section have been disclosed in and largely adapted from a 
published article.91 Only data acquired from the author of this Thesis have been included 
in the experimental. The Compound Numbers in this Section are directly adapted from 
reference 91. New numbers (start with 501) only apply to compounds that have NOT 
been reported in the published manuscript. 
Alkynes can, formally, be viewed as vicinal dicarbenes. The importance of this resonance 
contributor increases for strained (e.g., cyclic) alkynes.92 For example, dicarbene-like 
reactivity has been observed in the formation of spirocyclic, cyclopropane-containing 
carbene intermediates during the reaction of, e.g., ethylene with the alkyne in, e.g., 
norbornyne.92a,b Various transition metal catalysts or promoters can induce alkynes to 
show reactivities that are an expression of 1,2-dicarbene character, including C–H 
insertion behavior. 92c,d In a few instances, 1,2-dicarbenoids involving two metals at each 
                                                
91 Shen, H.; Xiao, X.; Haj, M. K.; Willoughby, P. H.; Hoye, T. R. BF3-Promoted, Carbene-like, C–H 
Insertion Reactions of Benzynes. J. Am. Chem. Soc. 2018, 140, 15616–15620. 
92 (a) Laird, D. W.; Gilbert, J. C. Norbornyne: A Cycloalkyne Reacting Like a Dicarbene. J. Am. Chem. 
Soc. 2001, 123, 6704–6705; (b) Bachrach, S. M.; Gilbert, J. C.; Laird, D. W. DFT Study of the 
Cycloaddition Reactions of Strained Alkynes. J. Am. Chem. Soc. 2001, 123, 6706–6707; (c) Zeidan, T.; 
Kovalenko, S. V.; Manoharan, M.; Clark, R. J.; Ghiviriga, I.; Alabugin, I. V. Triplet Acetylenes as Synthetic 
Equivalents of 1,2-Bicarbenes: Phantom n,p* State Controls Reactivity in Triplet Photocycloaddition. J. 
Am. Chem. Soc. 2005, 127, 4270–4285; (d) Alabugin, I. V.; Gold, B. “Two Functional Groups in One 
Package”: Using Both Alkyne p-Bonds in Cascade Transformations. J. Org. Chem. 2013, 78, 7777−7784. 
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of the original alkyne carbons have even been observed.93  
 
Figure 5.6. (a) Previous work demonstrating transition metal-mediated C–H insertion of 
a benzyne carbon. (b) Calculated {DFT [SMD(toluene)//M06-2X/6-311+G**]} energy 
profile for the BF3-catalyzed insertion of o-benzyne (1) into H–CH3 to give toluene (4). 
(c) Computed HOMO and LUMO of 2. (d) DFT-Optimized 3D structures of TS2➝3 and 
TS3➝4. 
ortho-Benzynes, useful and versatile building blocks in organic chemistry,94 owe their 
high reactivity to their highly strained formal triple bond. Lee and coworkers have 
                                                
93 For example: (a) Yasufuku, K.; Yamazaki, H. Chemistry of Mixed Transition Metal Complexes of New 
Complexes III*. Preparation and Acetylenes Coordinated on Iron and Nickel. J. Organometal. Chem. 1972, 
35, 367–373; (b) Leutzsch, M.; Wolf, L. M.; Gupta, P.; Fuchs, M.; Thiel, W.; Farès, C.; Fu ̈rstner, A. 
Formation of Ruthenium Carbenes by gem-Hydrogen Transfer to Internal Alkynes: Implications for Alkyne 
trans-Hydrogenation. Angew. Chem. Int. Ed. 2015, 54, 12431–12436; (c) Kelch H.; Kachel, S.; Celik, M. 
A.; Scha ̈fer, M.; Wennemann, B.; Radacki, K.; Petrov, A. R.; Tamm, M.; Braunschweig, H. Elucidating the 
Reactivity of Vicinal Dicarbenoids: From Lewis Adduct Formation to B–C Bond Activation. Chem. Eur. J. 
2016, 22, 13815–13818. 
94 Hoffman, R. W. Dehydrobenzene and Cycloalkynes; Academic: New York, 1967. 
b DFT PES for the prototypical BF3-catalyzed reactions reported here
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described C–H insertion reactions of benzyne derivatives promoted by Ag(I) that were 
rationalized by the intermediacy of silver carbenoid species (Figure 5.6a).95 Based on the 
initial observation made by former group members Moriana Haj and Patrick Willoughby, 
Dr Hang Shen developed an unprecedented boron trifluoride-catalyzed process in which 
carbene-like reactivity is exhibited by one of the two sp-hybridized benzyne carbon 
atoms. We are unaware of any example of a non-transition metal eliciting this kind of 
behavior. In Figure 5.6b, I performed DFT calculations that foreshadow the experimental 
results. The computed potential energy surface (PES) for the prototypical reaction 
between o-benzyne (1) and methane, catalyzed by BF3, suggests the energetic 
accessibility of requisite intermediates and activation barriers. Specifically, the 
conversion of 1 + BF3 to 2 is computed to be a nearly equienergetic event. Adduct 2 has a 
highly distorted geometry—the internal bond angles at Ca and Cb are 103° and 148°, 
respectively. The electronic configuration for this adduct was closed shell (stable to spin-
symmetry breaking). The HOMO of 2 showed most of the pi-electron density 
above/below the plane of the benzyne; correspondingly, the LUMO has a large in-plane 
component at Cb, suggesting significant phenyl cation character (cf. 2 vs. 2’).96 When 
methane is permitted to engage 2, the system collapses to a new adduct 3, the result of 
exergonic (29 kcal•mol-1) insertion of Cb into the strong C–H bond of methane in a 
process computed to proceed through the transition structure TS2➝3, which is only 5.4 
kcal•mol-1 higher in energy than 2. The 1,2-migration of the hydrogen atom in 3 proceeds 
as a very low-barrier 1.1 kcal•mol-1) process via transition structure TS3➝4 in which i) 
both bonds to the migrating light hydrogen atom were similar in length but ii) the C–B 
                                                
95 (a) Yun, S. Y.; Wang, K.-P.; Lee, N.-K.; Mamidipalli, P.; Lee, D. Alkane C−H Insertion by Aryne 
Intermediates with a Silver Catalyst. J. Am. Chem. Soc. 2013, 135, 4668–4671; (b) Mamidipalli, P.; Yun, S. 
Y.; Wang, K.-P.; Zhou, T.; Xia, Y.; Lee, D. Formal Hydrogenation of Arynes with Silyl Cb–H Bonds as an 
Active Hydride Source. Chem. Sci. 2014, 5, 2362–2367; (c) Karmakar, R.; Lee, D. Reactions of Arynes 
Promoted by Silver Ions. Chem. Soc. Rev. 2016, 45, 4459–4470. (d) Karmakar, R.; Le, A.; Xie, P.; Xia, Y.; 
Lee, D. Reactivity of Arynes for Arene Dearomatization. Org. Lett. 2018, 20, 4168–4172. 
96 (a) Cohen, T.; Lipowitz, J. The Question of a Benzene Cation Insertion Reaction. A Novel 
Intramolecular Electrophilic Substitution. J. Am. Chem. Soc. 1964, 86, 2515–2516; (b) Allemann, O.; 
Duttwyler, S.; Romanato, P. Baldridge, K. K.; Siegel, J. S. Proton-Catalyzed, Silane-Fueled Friedel-Crafts 
Coupling of Fluoroarenes. Science 2011, 332, 574–577; (d) Shao, B.; Bagdasarian, A. L.; Popov, S.; 
Nelson, H. M. Arylation of Hydrocarbons Enabled by Organosilicon Reagents and Weakly Coordinating 
Anions. Science 2017, 355, 1403–1407. 
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was only 0.01 Å longer than that in 3 (see SI for details). This TS collapsed directly to 
toluene (4) with simultaneous ejection of BF3. The overall exergonicity of o-benzyne (1) 
plus methane to toluene (4) was computed to be >75 kcal•mol-1. 
 
Figure 5.7. (a) BF3-Catalyzed C–H insertion reaction of HDDA-generated benzyne 6 to 
indane 7a. (b) DFT-Calculated energy diagram. 
A representative C–H insertion reaction of HDDA-generated benzyne 6 is depicted in 
Figure 5.7a. When exposed to BF3•OEt2 (1.5 equiv) in toluene at 120 °C, the indane 
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Figure 5.8. Relaxed scan of the indicated dihedral angle in 501. Geometry optimization 
of the intermediate having the dihedral angle = -60º directly collapses to the energy 
minimum structure 503. 
low equilibrium concentration of dissociated BF3 to the reaction environment (some of 
which would be volatilized into the headspace of the sealed reaction vial. The necessity 
of superstoichiometric catalyst loading suggests that there is a significant amount of 
product inhibition—that is, that the fluorenones 7a out-competes the benzyne for 
engaging free BF3 reversibly, although it is not consumed by 5 or 7a. I returned to DFT 
computations for some final validation of the mechanistic framework (Figure 5.7b). 
Specifically, I computed the BF3-catalyzed transformation of benzyne 6 to product 7 (but 
with structures truncated by removal of the TBS substituent for easier computation). The 
results (energies and geometries) directly paralleled those given in Figure 5.6b for the 
parent reaction. I was unable to locate the true transition state structure of 501 and 503. 
Instead, I observed that a gauche conformer 502 of BF3-adduct 501 directly collapses to 
the product 503 following geometry optimizations. Therefore, I performed a relax scan of 
the dihedral angle indicated in blue. As shown in Figure 5.8, The rotational barrier TS1 
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for the second C–H insertion event was successfully located via a low energy barrier (2.5 
kcal/mol). However, the proposed product 504 for this step is not an energy minimum on 
the PES, which is optimized directly to the final product 7. Once again, this indicates an 
extremely facile dissociation of BF3 from 504. 
In summary, we have described an unprecedented mode of activation of an aryne. 
Namely, the Lewis acid BF3 engages benzynes to promote carbene-like reactivity at the 
adjacent benzyne carbon atom. DFT studies were used to support our view of the 
mechanism. It is crucial to note that benzynes derived from the thermal HDDA 
cycloisomerization reaction, in the absence of any other benzyne-generating reagents or 
byproducts, has allowed this fundamentally new type of transformation to be discovered.  
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Chapter 6. Domino HDDA Reactions 
The studies presented in this Chapter have been disclosed in and largely adapted from a 
published article.97 The Compound Numbers in this Section are directly adapted from 
reference 97. New numbers (start with 601) only apply to compounds that have NOT 
been reported in the published manuscript. 
6.1 The Domino HDDA Reaction Transforms Polyynes to Polyacenes. 
Highly fused, multicyclic aromatic compounds are important for their potential utility in, 
for example, organic electronic and photonic applications.98 Benzyne/aryne chemistry has 
allowed chemists to construct various sub-classes and derivatives of these multi-ring 
compounds.1e,99,100 As discussed in previous Chapters, the formation of benzynes—long-
standing94 and versatile intermediates in organic chemistry (see ref 101 for a recent 
comprehensive listing of reviews101)—under purely thermal38 (or photochemical46b) 
conditions by the hexadehydro-Diels–Alder (HDDA) reaction39 represents a significant 
development.40 In its simplest form, the HDDA reaction is an intramolecular 
cycloisomerization that converts a tethered triyne like 1 into the (much more stable!45) 
fused benzyne 2 (Figure 6.1a), which is typically trapped directly by any of a large host 
of arynophiles. If the trapping agent were to be another 1,3-diyne, then, in principle, a 
second aryne—a naphthyne (3)—could be formed. This proposed domino reaction is 
highly appealing from a synthetic point of view, because it is often challenging to access 
complex aryne precursors (see Chapter 1). The earliest suggestion of the possibility of a 
                                                
97 Xiao, X.; Hoye, T. R. The Domino Hexadehydro-Diels–Alder Reaction Transforms Polyynes to 
Benzynes to Naphthynes to Anthracynes to Tetracynes (and Beyond?). Nat. Chem. 2018, 10, 838–844. 
98  Ye, Q.; Chi, C. Y. Recent Highlights and Perspectives on Acene Based Molecules and Materials. Chem. 
Mater. 2014, 26, 4046–4056. 
99  Parker, T.; Marder, S. “Synthetic Methods in Organic Electronic and Photonic Materials: A Practical 
Guide,” (Royal Society of Chemistry, London, 2015). 
100  Li, J. B.; Zhang, Q. C. Mono- and Oligocyclic Aromatic Ynes and Diynes as Building Blocks to 
Approach Larger Acenes, Heteroacenes, and Twistacenes. Synlett 2013, 24, 686–696. 
101  Yoshida, S.; Hosoya, T. The Renaissance and Bright Future of Synthetic Aryne Chemistry. Chem. Lett. 
2015, 44, 1450–1460. 
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benzyne engaging a 1,3-diyne stems from a study of acetylene pyrolysis.102 In fact, Ueda 
and coworkers103,104,105 demonstrated that by tethering a second diyne unit into a substrate 
(see 6) it was possible to trap the initial benzyne to produce a naphthyne derivative (i.e., 
7), which was then trapped by benzene to give 8 in the example shown (Figure 6.1b). 
They described eight such reactions in which naphthynes were produced and trapped to 
give products in yields ranging from 10–63%. One potential competing (and efficiency 
lowering) event in those reactions was the initial cyclization of the “left-hand” tetrayne 
subunit to a non-productive benzyne—i.e., ring closure to the two atoms labeled as ▲ 
rather than ●. The reaction of benzyne with 1,3-butadiyne to generate naphthyne has also 
been studied by density functional theory (DFT) computations.56 Recently, the generation 
of a naphthyne through trapping of a conventionally generated benzyne (i.e., through 
reductive elimination of an ortho-iodotriflate by a Grignard reagent) by a tethered 1,3-
diyne was described.106 
In order to achieve the true domino HDDA process (Figure 6.1a), each propagation step 
must be high-yielding. I envisioned that a properly designed polyyne substrate—namely, 
9—that would be likely to initiate reaction—could be used to efficiently synthesize 
higher acenes by cyclizing in only one sense (Figure 6.1c). That is, I was confident that 9 
would efficiently close to 1057a and presumed that it would proceed on to the naphthyne 
11 prior to being trapped by an external arynophile. Indeed, when 9 was heated in the 
presence of 2,5-dimethylfuran, adduct 12 was the only product observed and was isolated 
in 85% yield following purification. The substrate 9 was prepared in three reactions from 
                                                
102 Fields, E. K.; Meyerson, S. A New Mechanism for Acetylene Pyrolysis to Aromatic Hydrocarbons. 
Tetrahedron. Lett. 1967, 8, 571–575. 
103 Miyawaki, K.; Kawano, T.; Ueda, I. Multiple Cycloaromatization of Novel Aromatic Enediynes Bearing 
a Triggering Device on the Terminal Acetylene Carbon. Tetrahedron Lett. 1998, 39, 6923–6926. 
104 Miyawaki, K.; Kawano, T.; Ueda, I. Domino Thermal Radical Cycloaromatization of Non-Conjugated 
Aromatic Hexa- and Heptaynes: Synthesis of Fluoranthene and Benzo[a]Rubicene Skeletons. Tetrahedron 
Lett. 2000, 41, 1447–1451. 
105 Miyawaki, K., Kawano, T.; Ueda, I. Synthesis and Properties of Functionalized [6]Helicenes by the 
Thermal Domino Radical Cycloaromatization of Acyclic Polyynes. Polycycl. Aromat. Compd. 2000, 19, 
133–154. 
106 Yoshida, S.; Shimizu, K.; Uchida, K.; Hazama, Y.; Igawa, K.; Tomooka, K; Hosoya, T. Construction of 
Condensed Polycyclic Aromatic Frameworks Through Intramolecular Cycloaddition Reactions Involving 
Arynes Bearing an Internal Alkyne Moiety. Chem. Eur. J. 2017, 23, 15332–15335. 
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commercially available precursors (see Supplementary Information).   
 
Figure 6.1. The domino HDDA reaction. a) Generic scheme of sequential 
cycloisomerizations in which a new 1,3-diyne unit adds to an aryne to produce the next 
higher homolog among a series of polyacynes. b) A known example that demonstrates 
feasibility. c) Our first example, using a substrate designed to initiate reaction by 
cyclizing in only one sense—that is proceeding from 9 to the initial benzyne 10 and then 
on to the naphthyne 11 prior to being trapped by an external arynophile. Adduct 12 was 
the only product observed. 
I next explored the hypothesis that extension of the HDDA process to substrates 
containing more than one additional 1,3-diyne unit would lead to a cascade of  
a  The domino hexadehydro-Diels–Alder reaction: Benzyne to naphthyne to antrhacyne to tetracyne ...
heat
slow fast
b  Benzyne to naphthyne: Ueda et al.
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Figure 6.2. Benzyne to naphthyne to anthracyne. a) The first example of extension of the 
domino reaction to a case involving three aryne-forming reactions: i) triyne to benzyne; ii) 
benzyne to naphthyne; iii) naphthyne to anthracyne; and final trapping event. b) Substrate 
17 demonstrates that benzene subunits are suitable 2-atom linkers to conjoin adjacent 
pairs of 1,3-diynes, a feature that results in the formation of a product having more 
extended conjugation of the anthracene core in the product.  
cycloisomerizations. If so, this had the potential to greatly expand the versatility of this 
reaction by allowing rapid construction of complex, polycylic arenes (polyacenes). 
Moreover, I judged that a key design feature of the requisite polyyne substrates would be 
that each additional 1,3-diyne moiety be linked to the previous by a two-atom linking 
unit. Accordingly, I prepared substrate 13 (5 steps, see Supplementary Information) and 
heated it in the presence of furan (5 equiv). Adduct 15 obligingly formed, again as the 
only observed product (Figure 6.2a). Presumably (see below), the sequential cyclizations 
implied by the labels i, ii, and iii in substrate 13 had progressed smoothly to an 
anthracyne intermediate by way of the naphthyne 14. Similarly, the anthracyne adduct 
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furandicarboxylate107 was used as the trapping agent. To explore whether an aromatic 2-
atom linker would be compatible with a similar cascade reaction, we prepared the 
heptayne 17, now containing a pair of o-substituted benzene rings rather than the two-
atom ethano (or dimethylene) linkers along its backbone (Figure 6.2b). The domino 
reaction of this substrate, being initiated by an essentially identical cyclization to the 
benzyne intermediate (step i), proceeded at a very similar rate as the other substrates 
described thus far. Furan trapping led to the isolation of 19 as the major product. We 
speculate that this reaction was somewhat less efficient because of the potential for 
further reaction of the more delocalized polyacene present in 19 by its [4+2] 
cycloaddition with another molecule of the anthracyne 18.  
 
Figure 6.3. DFT-Calculated energy profile for the domino HDDA reaction. 
The importance of the two-atom linker was further supported by DFT calculations. I 
calculated the energy profiles for pentayne 601a (two-atom ethano linker, black) and 
                                                
107 Chen, J. H.; Baire, B.; Hoye, T. R. Cycloaddition Reactions of Azide, Furan, and Pyrrole Units with 
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601b (two-atom benzo linker, gray) as summarized in Figure 6.3. I presumed that the 
domino HDDA reaction adopts a mechanism analogous to the parent HDDA reaction 
(see Section 2.3), that is, a stepwise cycloaddition involving a diradical intermediate 602. 
The initial bond formation is seen to be highly facile (7.6 and 5.7 kcal/mol for 601a and 
601b, respectively), which is essential for the domino HDDA to outcompete the 
intermolecular trapping event (as demonstrated later in Figures 6.4 and 6.5). The 
resulting diradical 602 can bifurcate into two possible pathways: 1) closing to a four-
membered ring to form benzocyclobutadiene (BCB) 603; or 2) formation of six-
membered naphthyne 604. As Johnson predicted56 and experimentally validated by us,53 
the BCB formation is the kinetic product, if no linker is present between the 1,3-diyne 
moiety and the aryne. However, here I show that with the 2-atom linker, both 602a and 
602b preferentially forms naphthyne 604a-b with an exceedingly large DDG≠ = > 15 
kcal/mol. This large preference implies that perhaps a 3-atom or 4-atom linker can also 
overshadow the BCB pathway. This might open to an additional diverse array of potential 
products that could be accessed via the domino HDDA reaction. 
To establish the bona fide intermediacy of discreet aryne intermediates in a domino 
process, I explored the effect of concentration of the external trapping reagent. Furan is a 
particularly reactive arynophile by virtue of its facile [4+2] cycloaddition, a feature that 
has been exploited from some of the very earliest investigations of benzyne reactivity.108 
Furan is also convenient to use as a bulk solvent. Several of our polyyne substrates, when 
heated in neat furan (ca. 14 M), led to a pair of products—the expected furan adduct of a 
naphthyne (cf. 12, Figure 6.1c) as well as a benzyne/furan adduct, in which the 
intermediate benzyne was prematurely trapped by a solvent molecule. This bifurcation 
was most vivid in the case of the octayne 20 (Figure 6.4). When heated in neat furan, the 
benzyne adduct 21 was formed to the near exclusion of the naphthyne-derived product 22 
(Figure 6.4). In a series of experiments, this reaction was progressively starved of furan; 
the product ratio favored 22 to an increasing extent, in accord with the expectation that 
                                                
108 Wittig, G.; Pohmer, L. Intermediäre Bildung von Dehydrobenzol (Cyclohexadienin). Angew. Chem. 
1955, 67, 348–348. 
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Figure 6.4. Polyyne to benzyne to naphthyne is a stepwise process. The ratio of products 
21:22 is dependent on the concentration of furan, a particularly reactive aryne trapping 
reagent.  
furan trapping is a bimolecular process first-order in the concentration of furan, whereas 
the competing benzyne to naphthyne cyclization (cf. 10 to 11) is a unimolecular event 
whose rate is independent of the rate of external trapping. By contrast, we did not observe 
products of premature trapping by furan for any polyyne substrates containing a benzo-
linker; presumably the additional degree of freedom in the ethano-linker slows the rate of 
each successive aryne homologation event by virtue of population of a larger number of 
unreactive conformers. As an aside, we note that the three-atom linker in the symmetrical 
octayne 20 here resides in the center of the molecule and that the domino reaction 
propagates in one direction only in a process that is, necessarily, desymmetrizing.  
With all external arynophiles that I have examined that are less reactive than furan, 
intramolecular cyclization of each aryne to its next higher homolog was faster than 
trapping, and no products of premature interruption of the domino process were observed. 
I explored most extensively the scope of the reaction by generating the series of 
naphthynes 24 from substrates 23 (Figure 6.5a).  Many types of trapping reagents (T1–T2) 
are effective, providing access to a host of products 25 in good yields. The nature of the 
ABC tether unit in the polyyne substrates 23 can be varied widely,40 and the two-atom 
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a The reaction solvent was chloroform unless otherwise stated. b 25k has the solid bonds 
(see X-ray diffraction data in SI); 25k’ is the isomeric adduct having the analogous 
connectivity implied by the dashed bonds. 
linker between adjacent diynes can include substituted arenes (cf. 25h, 25q, 25t–25v) as 
well as ethano- and 1,2-benzo-linkers. In addition to Diels–Alder products with furan 
(25a, 25b); [4+2] cycloaddition adducts with a pyrrole (25c), o-dichlorobenzene (o-DCB, 
25d), anthracene (25e), cyclopentadienones (25f, 25g), pyrones (25h, 25i), and perylene 
(25j, 25k) are readily formed. Nucleophilic traps are efficient [carboxylic acid (25l), 
sulfide (25m), and amine (25n)] as are other types of cycloaddition reactions {[2+2] 
(25o) and 1,3-dipolar (25p)}. Symmetrical vicinal difunctionalization is also well 
accommodated [dihalogenation57b (25q and 25r), dihydrogen transfer86 (25s and 25t), and 
dichalcogenation109,110 (25u and 25v)]. 
A few additional features of these reactions are noteworthy. The furan adduct 25a was 
also readily formed under photochemical-HDDA conditions (at ambient temperature). I 
computed the internal bond angles at the sp-hybridized carbons41 in some of the 
naphthyne intermediates [DFT B3LYP/6-31G*] and observed a smaller degree of 
distortion relative to the benzyne precursors45c (see Figure 6.6a). Trapping with the 
cyclopentadienone 26 gave an isolable, bis-fused norbornadienone adduct (not shown, 
see Supplementary Information and cf. 32) enroute to 25g. Cheletropic ejection of CO 
was quite slow (relative to that in the simple o-benzyne adduct111), consistent with the 
smaller gain in aromatic resonance energy produced upon forming the highly delocalized 
dibenzotetracene moiety in 25g. The variability in the extent of regioselectivity observed 
for these reactions suggests that there is a subtle interplay between the inherent reactivity 
                                                
109 Nakayama, J.; Tajiri, T.; Hoshino, M. Insertion of Benzyne and Substituted Benzynes into the S–S Bond 
of Diphenyl and Di-p-Tolyl Disulfides Yielding the Corresponding o-Bis(arylthio)benzenes. Bull. Chem. 
Soc. Jpn. 1986, 59, 2907–2908. 
110 Hu, Y.; Ma, J.; Li, L.; Hu, Q.; Lv, S.; Liu, B.; Wang, S. Fused Multifunctionalized Dibenzoselenophenes 
from Tetraynes. Chem. Commun. 2017, 53, 1542–1545. 
111 Wooi, G. Y.; White, J. M. Structural Manifestations of the Cheletropic Reaction. Org. Biomol. Chem. 
2005, 3, 972–974. 
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Figure 6.6. a) Distortion angle comparison in naphthynes and analogous benzynes. b) 
DFT Calculations support the outcome of the reaction leading to 25k and 25k’.  
imposed by the degree of distortion of the aryne and the steric bias presented by the two 
different substituents flanking the aryne carbons as they are approached by trapping 
agents, themselves of varying size.112 
                                                
112 Bronner, S. M.; Mackey, J. L.; Houk, K. N.; Garg, N. K. Steric Effects Compete with Aryne Distortion 
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Finally, the two trapping reactions with perylene to give 25j and 25k deserve comment. 
The former behaves in an expected fashion—namely, benzynes are known to add to the 
bay region diene portion of perylene (see Section 3.1) and to eject hydrogen thermally to 
rearomatize. In contrast, the naphthyne leading to 25k (see Supplementary Information 
for X-ray diffraction coordinates) differs from the one that gives 25j by the presence of a 
larger benzo- rather than ethano-two atom linker, which would encounter a greater steric 
obstruction were it to add to the bay region diene. DFT calculations (B3LYP/6-31G*, 
Figure 6.6b) support this view—the transition structure for concerted addition of that 
naphthyne to the bay region was computed to be 1.6 kcal•mol-1 higher in energy than that 
leading to 25k. A lesser amount of an isomeric product in which the naphthyne added in 
reversed head-to-tail fashion was also formed, and the DFT energetics were consistent 
with that process as well. 
With a wide range of polyacene products in hand, I explored several strategies for post-
HDDA functionalization. In a few cases, I have observed some surprising acid-catalyzed 
processes for a subset of these polycyclic acenes; these show that unusual reactivity can 
ensue within certain, structurally complex HDDA products. Two examples are shown in 
Figure 6.7. When exposed to trifluoroacetic acid, the highly fused anthracene derivative 
16 gave rise to the doubly oxidized analog 27. When this (mechanistically unusual) 
transformation was monitored directly by NMR spectroscopy in CDCl3, resonances 
associated with metastable intermediates were seen, which eventually converged largely 
to those of the diene 27. This suggests that the oxidation occurs in stages, likely by way 
of each of the two possible monoenes. A similar experiment, in which the air in the head 
space of the NMR sample tube was replaced by nitrogen, resulted in a much slower 
conversion, implicating dioxygen as the stoichiometric oxidant. Consistent with that and 
because 27 is more visibly colored than its precursor, 16, the color of the solution turned 
darker at the top of the NMR sample solution, closer to the air-liquid interface. Finally, in 
the absence of the TFA, 16 showed no sign of oxidative instability. 
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Figure 6.7. Unusual acid-catalyzed transformations of the products 16 and 25s. a) 
Brønsted acid-promoted oxidation of the two bis-methylene subunits. b) Brønsted acid-
promoted 1,2-migration within the phenylnaphthalene subunit of 25s, concomitant with 
formation of the deplanarizing, spirocyclic xanthene moiety.  
In a different setting, that of the fluoranthene derivative 25s, methanesulfonic acid was 
used to remove the trimethylsilyl group by a protodesilylation reaction and to catalyze the 
introduction of a spirocyclic xanthene (cf. 28) by a Friedel-Crafts addition/dehydration 
sequence.113 Conversion of fluorenones to spirocycles of this sort has been used to confer 
fluorescence behavior that is rendered dormant by the ketone functional group;114 indeed, 
compound 28 showed emission that was cyan in color (see Supplementary Information). 
The one-pot conversion of 25s to 28 was accompanied by a surprising 1,2-migration of 
the phenyl substituent from its hindered environment in the reactant to the much less 
                                                
113  Xie, L. H.; Liu, F.; Tang, C.; Hou, X. Y.; Hua, Y. R.; Fan, Q. L.; Huang, W. Unexpected One-Pot 
Method to Synthesize Spiro[fluorene-9,9’-xanthene] Building Blocks for Blue-Light-Emitting Materials 
Org. Lett. 2006, 8, 2787–2790. 
114  Xie, L. H.; Liang, J.; Song, J. A.; Yin, C. R.; Huang, W. Spirocyclic Aromatic Hydrocarbons (SAHs) 
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encumbered position in 28. The mechanism of Brønsted acid-catalyzed 1,2-phenyl (or -
naphthyl) migration on a benzene (or naphthalene) framework has been studied 
computationally,115,116 which indicates that this process likely proceeds by way of ipso-
protonation of the phenyl-bearing carbon followed by phenyl migration to the adjacent 
carbon atom via a phenonium ion intermediate. 
I have also explored the possibility of constructing polyacenes containing cyclobutadiene 
(CB) moieties. These materials with one or more cyclobutadiene cores are of great 
interest due to their partial antiaromatic properties and synthetic challenges. Recently, 
Xia et al. developed an elegant strategy to construct fused CB structures (Figure 6.8a),117 
and the applicability of this reaction was also demonstrated.118 The precursor 605 for the 
key C–H functionalization can be derived from benzyne and dimethylfuran, which leads 
to the exo fused cyclobutene 606 exclusively. The oxygen bridge within 606 can be 
removed and aromatized to form biphenylene 607 under mildly acidic conditions. I 
believe that domino HDDA reactions can provide a wide range of precursors like 605, 
which ultimately could give more complex CB products. Initially, I tested the feasibility 
of this idea in a model study (Figure 6.8b). The HDDA reaction of triyne 608 with furan 
trapping proceeded smoothly to form adduct 609. Gratifyingly, the subsequent four-
membered ring formation using Xia’s conditions efficiently produced cyclobutene 610, 
which upon aromatization should afford the desired biphenylene product like 607. 
However, this dehydration step turned out to be challenging. Only desilylation was 
observed when I used mild acids such as pyridinium p-toluenesulfonate and dilute HCl. 
                                                
115  Ajaz, A.; McLaughlin, E. C.; Skraba, S. L.; Thamatam, R.; Johnson, R. P. Phenyl Shifts in Substituted 
Arenes via ipso Arenium Ions. J. Org. Chem. 2012, 77, 9487–9495. 
116  Skraba-Joiner, S. L.; McLaughlin, E. C.; Ajaz, A.; Thamatam R.; Johnson, R. P. Scholl Cyclizations of 
Aryl Naphthalenes: Rearrangement Precedes Cyclization. J. Org. Chem. 2015, 80, 9578–9583. 
117 Jin, Z.; Teo, Y. C.; Zulaybar, N. G.; Smith, M. D.; Xia, Y. Streamlined Synthesis of Polycyclic 
Conjugated Hydrocarbons Containing Cyclobutadienoids via C-H Activated Annulation and Aromatization. 
J. Am. Chem. Soc. 2017, 139, 1806–1809. 
118 (a) Jin, Z.; Teo, Y. C.; Teat, S. J.; Xia, Y. Regioselective Synthesis of [3]Naphthylenes and Tuning of 
Their Antiaromaticity. J. Am. Chem. Soc. 2017, 139, 15933–15939. (b) Jin, Z.; Yao, Z. F.; Barker, K. P.; Pei, 
J.; Xia, Y. Dinaphthobenzo[1,2:4,5]dicyclobutadiene: Antiaromatic and Orthogonally Tunable Electronics 
and Packing. Angew. Chem. Int. Ed. 2019, 58, 2034–2039. (c) Wang, J.; Chu, M.; Fan, J. X.; Lau, T. K.; 
Ren, A. M.; Lu, X.; Miao, Q. Crystal Engineering of Biphenylene-Containing Acenes for High-Mobility 
Organic Semiconductors. J. Am. Chem. Soc. 2019, 141, 3589–3596. 
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Figure 6.8. a) Previously reported synthesis of biphenylene 607. b) A model study with 
HDDA-derived product 609. c) Attempt with domino HDDA product 614. 
Eventually, under forcing conditions (refluxing in conc. HCl in acetic anhydride), 610 
indeed underwent desilylation followed by dehydration. Unfortunately, extensive NMR 
analysis of the product supports the structure of 611 as shown. Although the detailed 
mechanism is unknown, rearrangement of the initially formed carbocation possibly takes 
place to arrive at this unexpected product. Nonetheless, I envisioned that the unusual 
skeleton of 611 could be utilized in synthesis of an elusive indeno[1,2-a]fluorene 613, an 
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diradical characters.119 This could be achieved by addition of an organometallic reagent 
(i.e. alkynyl lithium or aryl Grignard) to the ketone to obtain alcohol 612, followed by 
dehydration to give 613. Perhaps the additional ring fusion presented in 613 could 
stabilize this sensitive diradicaloid. This retrosynthetic analysis of 613 has not yet 
experimentally investigated. Back to the original proposal, I was not discouraged by the 
unexpected outcome laid out in Figure 6.8a and stopped at this point. I proceeded to 
synthesize the domino HDDA derived precursor 614 from naph-1 and 2,5-dimethyl furan 
in high yield. The cyclobutene formation once again pleasingly gave desired product 615. 
When 615 was subjected to various acidic conditions, another unforeseen product 616 
was observed when forcing conditions was applied. By 1D and 2D NMR analysis, 616 
does not possess a skeleton analogous to 611. Tentative assignment suggests that 616 
could arise from interruption of the initially formed carbocation by the adjacent phenyl 
group (shown in blue) to make a five-membered ring, followed by rearrangement of 
several other C–C bonds. Apparently, single crystal X-ray diffraction analysis is deemed 
crucial to unambiguously confirm this structure. Despite that no desired CB product was 
seen, the transformations depicted in Figures 6.8b-c are mechanistically intriguing and 
could possibly lead to other directions. 
I also pursued an attempt to construct bisfluoranthene core structures using the domino 
HDDA reaction. As described in Figure 6.9, the synthesis commenced with diiodination 
of 1,4-dibromobenzene to afford tetrahalobenzene 617, followed by sequential 
Sonogashira reaction to obtain tetrayne 618. The TMS group in 618 was selectively 
removed by potassium carbonate, after which 618 was subjected to Cadiot-Chodkiewicz 
coupling with 1-bromo-octyne to produce hexayne 620. The deprotection of TIPS groups 
was ensued by treatment with TBAF in acetic acid, because hexayne 620 was unstable 
under basic conditions. Bromination with NBS of the resulting terminal diyne gave 
possibly due to the instability of 621 or 623 under basic conditions. I could isolate a small 
                                                
119 Only one report described the synthesis of such unusual core structure: Dressler, J. J.; Zhou, Z.; 
Marshall, J. L.; Kishi, R.; Takamuku, S.; Wei, Z.; Spisak, S. N.; Nakano, M.; Petrukhina, M. A.; Haley, M. 
M. Synthesis of the Unknown Indeno[1,2-a]fluorene Regioisomer: Crystallographic Characterization of Its 
Dianion. Angew. Chem. Int. Ed. 2017, 56, 15363-15367. 
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Figure 6.9. An attempt to synthesize bisfluoranthene core (e.g. 626). 
amount of desired decayne 623 by using Sonogashira coupling conditions with diyne 
622, however, it did not provide enough material to proceed to the remaining synthetic 
plan of bisfluoranthene 626. The following proposed steps are in fact quite 
straightforward. Decayne 623 could be oxidized to the corresponding ketone 624, which 
is set to undergo bidirectional domino HDDA reaction to produce, formally, bis aryne 
625. Realistically, the aryne formation is more likely stepwise, that is, one aryne was 
initially formed and trapped, followed by the generation of the second aryne and its 
trapping. If a trapping reagent such as pyrone is used, the bis domino HDDA of 624 can 
give rise to bisfluoranthene 626, which is hard to imagine how it can otherwise be 
obtained. To overcome the current obstacle, optimization of the diyne coupling 
conditions to make 623 is the key. Alternatively, we could try to install other groups 
(instead of nhexyl) at the terminus of the 1,3-diyne in 620 or to use a different coupling 
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Figure 6.10. Benzyne to naphthyne to anthracyne to tetracyne.  
Finally, having established that trapping of domino HDDA products (Figure 6.5) is robust 
and that the benzyne-to-naphthyne-to-anthracyne cascade is viable (Figure 6.2), I was 
motivated to further extend the domino process to see if a tetracyne could be accessed. 
Toward that end, I prepared the nonayne 29. The route of synthesis involved twelve (8 
longest linear sequence) reactions (see Supplementary Information) from commercially 
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substrates in the work reported here required no more than seven synthesis steps. 
When 29 was heated in the presence of anthracene, a pleasingly efficient transformation 
to the adduct 30 transpired (Figure 6.10a), establishing that, indeed, a tetracyne can be 
generated by a domino-HDDA reaction. From 1H NMR spectra, 30 is inferred to exist as 
a pair of topological isomers [crossed (cf. 31) vs. butterfly] that interconvert slowly on 
the NMR time scale and whose equilibrium ratio is somewhat solvent dependent. DFT 
calculations [SMD(CHCl3)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*] are consistent with 
these observations, were used to assign structure, and predicted that the desilylated 
derivative 31 would have a larger preference for one isomer (see Section 6.2). Indeed, 
protodesilylation with methanesulfonic acid smoothly gave 31, which was largely a 
single isomer (dr = 47:1). 
In a second example (Figure 6.10b), the tetracyne from 29 was trapped by the dienone 26, 
producing the diketone 32. Protodesilylation (methanesulfonic acid) gave the 
intermediate 32-H, which, upon thermolytic ejection of CO, smoothly provided the 
dibenzohexacene product 33. In contrast to relatively unsubstituted polyacenes,120 none 
of these compounds showed signs of sensitivity to air and/or light. The most highly 
conjugated polyacene 33 has its longest wavelength absorption moved significantly into 
the infrared (Figure 6.10c). Compounds that absorb near-IR light find utility in applica-
tions such as organic field-effect transistors, organic photovoltaics, and photodetectors121. 
Again, topoisomerism was seen122 (NMR) for each of 32–33. Fortunately, evaporative 
crystallization of a solution of 32-H gave material suitable for single crystal X-ray 
diffraction analysis (Fig. 6.10d). The helical twist of the fused tetracene core is clearly 
evident, a feature mimicked in the lowest energy topoisomer found by DFT calculations 
(see Section 6.2).   
                                                
120 Thorley, K. J.; Anthony, J. E. The Electronic Nature and Reactivity of the Larger Acenes. Isr. J. Chem. 
2014, 54, 642–649. 
121 Dou, L. T.; Liu, Y. S.; Hong, Z. R.; Li, G.; Yang, Y. Low-Bandgap Near-IR Conjugated 
Polymers/Molecules for Organic Electronics. Chem. Rev. 2015, 115, 12633–12665. 
122  Pascal, Jr., R. A. Twisted Acenes. Chem. Rev. 2006, 106, 4809–4819.  
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In conclusion, we have established that the domino-HDDA reaction is an efficient 
process having considerable generality. It proceeds through a staged series of 
cycloisomerization events within substrates containing varying numbers of 1,3-diyne 
units, each separated by two-atom spacers. The cascade is initiated by a diynophilic 
alkyne that is connected uniquely by a three-atom tether. This reagent-free thermal 
reaction is remarkably robust, is broad in scope, and generates considerable structural 
complexity, as underscored, for example, by the nine newly formed rings present in each 
of 31–33. For future directions, we could switch to other 2-atom linker or longer spacer 
that might enable more dramatic helical twist and shape-persistency for applications in 
chiroptical materials. A potential challenge may be the management of product solubility 
and/or stability issues, but these have not posed significant problems to date. 
6.2 Computation-Assisted Structural Analysis of Domino HDDA Products. 
For tetrayne-derived products 30–33, the NMR spectra are very complicated due to the 
topoisomerism as well as their ca. 70 inequivalent 13C signals. Although single-crystal X-
ray diffraction analysis confirmed the structure of 32-H, attempts failed to obtain quality 
single crystal for other products. To support our structure assignment, I performed a 
series of DFT calculations to understand the isomerization process and predict the 
preferred three-dimensional structure. 
The two possible topological isomers are modeled by DFT calculations, which are also 
observed in equilibrium in the 1H NMR spectrum as suggested by the solvent-dependent 
equilibrium ratio change (Figure 6.10a). As shown in Figure 6.11, 30a and 30b (crossed 
vs butterfly, respectively) is predicted to be nearly equienergetic. To make the NMR 
spectra more interpretable, I’ve tried methods to shift the equilibrium, for example, 
change the 4-chloro-substituent to an alkyl group. It was not realized until when I not 
purposely computed the desilylated analogs 31a-b. To my surprise, a simple replacement 
of the TMS group with a hydrogen atom appreciably changes the calculated energy 
difference between isomer a and isomer b (0.2 kcal/mol for 30 vs 2.3 kcal/mol for 31).  
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Figure 6.11. Possible isomers of tetracenes 30 and 31. 
Indeed, when 31 was prepared experimentally, largely one isomer (dr = ca. 47:1) was 
seen in the 1H NMR spectrum in CDCl3. According to the significant calculated energy 
preference, 31 is most likely a crossed isomer (shown as 31a). The transition of the two 
isomers was also studied in several model systems (Figure 6.12). [6]Helicenes model-1 
and model-2 have essentially identical racemization barrier, suggesting that each helicene 
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examined for a closer analog 30a-model, which was computed to pass through an 18.6 
kcal/mol kinetic barrier for isomerization to 30b-model. This is totally in agreement with 
my observations: The isomerization is slow on the NMR time scale; at the same time it is 
too rapid to render the two isomers being separately isolated.  
 
Figure 6.12. Model studies for the kinetic barrier between two diastereomeric isomers of 
tetracene 30. 
To further assign the correct isomer (a or b) to the NMR spectral data. I performed 1H 
NMR calculation at the WP04123/cc-pvdz level of theory with SMD(chloroform) for the 
DFT-optimized structures of 30a/b (Table 6.1). I opted to not calibrate the shielding 
chemical shift, because the method was previously optimized for natural products that 
comprises mostly sp3-hybradized carbon centers. By comparison of several selected,  
                                                
123 Wiitala, K. W.; Hoye, T. R.; Cramer, C. J. Hybrid Density Functional Methods Empirically Optimized 
for the Computation of 13C and 1H Chemical Shifts in Chloroform Solution. J. Chem. Theory Comput. 
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Table 6.1. a) Experimental 1H NMR chemical shift of selected, unambiguously assigned 
resonances in tetracenes 30a, 30b and 31. b) Calculated vs Experimental chemical shifts 
of selected, unambiguously assigned aromatic 1H signals in 30a and 30b.  
 
unambiguously assigned 1H chemical shifts of 30a and 30b with those of 31, isomer 30a 
(0.028 vs 0.144 ppm average difference) more likely adopts a crossed geometry like 31. 
Moreover, I compared the calculated chemical shifts between crossed isomer (cf. 30a) 
and butterfly isomer (cf. 30b), which correlates linearly with the difference of 
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crossed isomer, whereas 30b adopts the butterfly geometry. 
 
Figure 6.13. Possible topological isomers of tetracene 32-H. 
The possible topological isomers of 32-H were also studied computationally (Figure 
6.13). The ketone bridge introduces an additional stereocenter, resulting in four potential 
diastereoisomers, each of which can convert into one another through helicene transition 
(Figure 6.12). Among the four isomers, 32-Hb is predicted to be the most stable isomer, 
and luckily, the energetically closest isomer 32-Hc, is over 1.0 kcal/mol higher in free 
energy. In fact, the single crystal structure of 32-H is almost identical to the DFT-
optimized geometry of 32-Hb.  
Finally, for hexacene 33, the twisted phenanthrene unit also creates a stereocenter, which 
results in a total of four possible diastereomers (Figure 6.14). It is surprising to see that 
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Figure 6.14. Possible topological isomers of hexacene 33. 
down view) to mitigate the steric cumbersome. The estimated head-to-tail overall twist is 
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perhaps more importantly, shape-persistent helicenes as chiral chromophores using our 
HDDA chemistry.  
In summary, computational analysis of the domino HDDA-derived product supports our 
structural assignment and shed new lights on the interconversion/equilibrium of several 
novel five-membered ring fused [6]helicenes.  
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Chapter 7. A Strategy for Tandem Naphthyne Formation via 
HDDA Reaction of Classically Generated, Diynophilic 
Benzynes 
The studies presented in this Chapter are disclosed in and largely adapted from a soon-
to-be published article.124 The Compound Numbers in this Section are directly adapted 
from reference 124. New numbers (start with 701) only apply to compounds that have 
NOT been reported in the published manuscript. 
As discussed earlier, the development of mild and versatile methods for generation of 
arynes has enabled myriad synthetic applications of these long-standing reactive 
intermediates.1 The fluoride ion induced aryne formation from ortho-silyl aryl triflates 
(the Kobayashi protocol; cf. 1 to 2, Figure 7.1a) is perhaps the most enabling of the 
classical methods that has fueled the advances in modern aryne chemistry.3 The thermal 
generation of benzynes from, minimally, a triyne substrate like 3 represents a 
complementary strategy (Figure 7.1a).38,39 This so-called hexadehydro-Diels–Alder 
(HDDA) reaction also has considerable generality.40 In the work reported here, we have 
developed a strategy that capitalizes both the Kobayashi protocol and the HDDA reaction 
to conveniently generate naphthynes, arynes of greater structural complexity, from 
relatively simple building blocks.  
Two key design principles drove our study. First, Li and coworkers have pioneered the 
use of 1,2-benzdiyne equivalent 4 (Figure 7.1b).9,125 Upon treatment with a silaphilic 
                                                
124 Xiao, X.; Hoye, T. R. A Three-Aryne Cascade Strategy for Naphthyne Formation via HDDA Reaction 
of Diynophilic (Kobayashi-type) Benzynes. manuscript submitted. 
125 (a) Shi, J.; Qiu, D.; Wang, J.; Xu, H.; Li, Y. Domino Aryne Precursor: Efficient Construction of 2,4-
Disubstituted Benzothiazoles. J. Am. Chem. Soc. 2015, 137, 5670−5673. (b) Qiu, D.; He, J.; Yue, X.; Shi, 
J.; Li, Y. Diamination of Domino Aryne Precursor with Sulfonamides. Org. Lett. 2016, 18, 3130−3133. (c) 
Li, L.; Qiu, D.; Shi, J.; Li, Y. Vicinal Diamination of Arenes with Domino Aryne Precursors. Org. Lett. 
2016, 18, 3726−3729. (d) Yoshida, S.; Nakamura, Y.; Uchida, K.; Hazama, Y.; Hosoya, T. Aryne Relay 
Chemistry en Route to Aminoarenes: Synthesis of 3-Aminoaryne Precursors via Regioselective 
Silylamination of 3-(Triflyloxy)arynes. Org. Lett. 2016, 18, 6212–6215. (e) Xu, H.; He, J.; Shi, J.; Tan, L.; 
Qiu, D.; Luo, X.; Li, Y. Domino Aryne Annulation via a Nucleophilic–Ene Process. J. Am. Chem. Soc. 
2018, 140, 3555−3559.  
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nucleophile/base (e.g., fluoride or carbonate ion), benzyne 5 can be generated in which 
substituent X can both direct nucleophilic addition to the meta-position and serve as a 
leaving group to regenerate a second benzyne. This net SN2’ reaction to form 6 (an 
example in which a thioamide has served as the initial benzyne trapping nucleophile) is 
followed by intramolecular capture by the amide nitrogen atom to produce the 
benzothiazole 7. Second, arynes have been shown to function as diynophiles in HDDA 
reactions. For example, benzyne 8 can engage with a 1,3-diyne unit to form naphthyne 9 
(Figure 7.1c).103,104,106 This process can be extended to form higher homologs (see 
Chapter 6), including a tetracyne, 10.97 Therefore, we hypothesized that nucleophile 11, 
bearing a pendant 1,3-diyne moiety, attacks the 1,2-benzdiyne equivalent 5 to give the 
benzyne 12 (Figure 7.1d). Subsequent HDDA reaction produces naphthyne 13, which is 
then trapped to form product 14. Notably, this cascade involves three distinct reactive 
benzyne species, each of which needs to undergo a different type of transformation [(1,2-
benzdiyne #1) vs. (1,2-benzdiyne #2) vs. (HDDA naphthyne)].  
 
Figure 7.1. Marrying of classical and HDDA benzyne generation to produce naphthynes 
13. 
I opted to test the feasibility of this idea using 4-Tf and diyne 15 bearing a sulfonamide 
functional group, a nucleophile demonstrated in Li’s work to be an effective participant 
in the 1,2-benzdiyne cascade (Figure 7.2).125 Formation of benzyne 5-Tf was expected to 
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be the rate-limiting step due to the relatively short lifetime of arynes. The DFT optimized 
geometry for 5-Tf [SMD(chlorobenzene)/B3LYP/6-31G**] indicated that the triflate 
group renders appreciable distortion (116° vs. 137°) of the two sp-hybridized benzyne 
carbons. As a result, the sulfonamide anion 17 should selectively add to carbon b to form 
the transient aryl anion 18.41 Elimination of the triflate anion would then produce a 
second benzyne 19 if protonation of the anionic carbon by, e.g., 15 was slower. 
Normally, a three-atom spacer is present between the diynophile and the 1,3-diyne to 
facilitate the rate of a HDDA cyclization.45,53 In 19, the 1,3-diyne moiety is separated by 
three-atoms from the closer of the two benzyne sp-carbons, so the intramolecular HDDA 
reaction was expected to proceed readily to give the naphthyne 20. The pendent silyl 
ether group should then capture the naphthyne faster than another external reagent (e.g., 
17) to arrive at the product naphthalene 16 via nucleophilic addition and retro-Brook 
rearrangement. To tolerate the silyl ether group, we screened several weak, non-fluoride 
bases. Unfortunately, diyne 15 was susceptible to decomposition under mildly basic 
conditions, perhaps initiated by deprotonation of a propargylic proton.126 Therefore, we 
examined diyne 21, having gem-dimethyl substitution to replace the labile propargylic C–
H bonds. To our delight, desired naphthalene 23 was formed in 27% yield using readily 
available potassium carbonate/18-crown-6 ether as the base (entry 1, tabular insert in 
Figure 7.2). When 4-Ts instead of 4-Tf was used as the 1,2-benzdiyne precursor, the 
formation of benzyne 5-Ts was noticeably slower, and 23 was isolated in 45% yield 
(entry 2). Attempts to further optimize the yield of 23 (altering base, solvent, and/or 
temperature; see Supplementary Information for this Chapter) were not successful. 
However, we noticed that in the entry 1 result we recovered 68% of diyne 21 (84% 
brsm), suggesting that the cascade following the initial trapping by 21 (cf. 18 to 16 via 19 
and 20) was efficient. We suspected that the para-toluenesulfonamide (TsNH) used in 
entries 1 and 2 was not a sufficiently efficient trap for benzyne 5. Therefore, we explored 
modification of the pKa of the sulfonamide by changing to the trifluoromethylsulfonyl 
                                                
126 (a) Wang, T.; Naredla, R. R.; Thompson, S. K.; Hoye, T. R. The Pentadehydro-Diels-Alder Reaction. 
Nature 2016, 532, 484–488. (b) dos Passos Gomes, G.; Morrison, A. E.; Dudley, G. B.; Alabugin, I. V. 
Optimizing Amine-Mediated Alkyne–Allene Isomerization to Improve Benzannulation Cascades: Synergy 
between Theory and Experiments. Eur. J. Org. Chem. 2019, 2019, 512–518.s 
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(Tf) group127 to increase the concentration of the triflate stabilized analog of anion 17. 
This should accelerate the rate of the initial benzyne trapping event. Indeed, under the 
same reaction conditions, triflamide 22 efficiently reacted with either 4-Tf or 4-Ts to 
afford naphthalene 24 in 72% or 76% yield, respectively (entries 3 and 4). 
 
Figure 7.2. Proposed mechanism and optimization of the sulfonamide substrate. 
Encouraged by this result, we proceeded by examining this transformation with a series 
of diynes 25a-i, each of which bears a different trapping functionality potentially capable 
of capturing naphthyne 26 intramolecularly (Figure 7.3). First, we tested several 
heteroatom-based nucleophiles, 25a-d. Internal silyl ether traps with tethers different that 
in 21 and 22 gave good yields (27a and 27b). Moreover, a free alcohol was 
accommodated, leading to 27c. This reaction afforded a significant major by-product, 
namely 27c’ (the trimethylsilyl analog of 24). We presume that the hydroxy group in 
diyne 25c was being silylated either by the carbonate-TMS ester or, perhaps more likely, 
directly by the 1,2-benzdiyne precursor 4. Thus, the free alcohol 25c or its corresponding 
TMS silyl ether gave 27c and 27c’, respectively. Quenching the reaction mixture directly 
with TBAF provided 27c in 55% yield. The intramolecular sulfonamide trapping leading 
to 27d also provided some mechanistic inference. Consistent with our initial findings 
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(Figure 7.2), the TfNHR nitrogen in 25d is a faster trap than the TsNHR, which further 
supports the idea that the active nucleophile is indeed the deprotonated sulfonamide anion 
(cf. 17-Tf vs. 17-Ts).  
 
Figure 7.3. Examples of naphthyne formation followed by intramolecular trapping. 
Several additional classes of intramolecular trapping reactions were explored. An 
appropriately placed, pendant phenyl substituent efficiently gave the intramolecular 
Diels–Alder (IMDA) trapped adduct 27e in 75% yield.128 Formation of the aromatic ene 
                                                
128 (a) Miller, R. G.; Stiles, M. Reaction of Benzyne with Benzene and Naphthalene. J. Am. Chem. Soc. 
1963, 85, 1798−1800. (b) Tabushi, I.; Yamada, H.; Yoshida, Z.; Oda, R. Reactions of Benzyne with 
Substituted Benzenes. Bull. Chem. Soc. Jpn. 1977, 50, 285−290. (c) Pogula, V. D.; Wang, T.; Hoye, T. R. 
Intramolecular [4 + 2] Trapping of a Hexadehydro-Diels-Alder (HDDA) Benzyne by Tethered Arenes. Org. 
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reaction product 27f129 was accompanied, unexpectedly, by the formation of the 2:1 
adduct 27f’, which most likely arose from Diels–Alder reaction of benzyne 5-Tf with the 
electron rich arene ring in 27f. Once again, the regioselectivity of that second event can 
be explained by the distortion model (cf. 5-Tf, Figure 7.2)—the more electron rich 
carbon (para to the oxygen) preferentially engaged the more electrophilic benzyne 
carbon (meta to the triflate group) in an asynchronous, concerted cycloaddition. The gem-
dimethylated analog 25g lead to a different outcome; the aromatic ene pathway was 
completely suppressed and the IMDA product 27g was produced. We presume that the 
transition structure geometry required to generate a pyran ring (cf. product 27f) is 
disfavored due to greater van der Waals repulsion between the naphthalene peri hydrogen 
and the gem-dimethyl groups. A dibenzofuran motif can be established by use of an 
ortho-methoxyphenyl substituent as a trapping group (cf. 27h). When 4-Ts was used as 
the bisbenzyne precursor, the formation of 27h was accompanied by the byproduct 27h’, 
as a single constitutional isomer (see later discussion, accompanying Figure 7.4). This 
reveals a non-innocent role of the tosylate anion leaving group from the SN2’ process 
with 5-Ts. When 4-Tf was used as the precursor instead, 27h was isolated in 80% yield 
due to the weaker nucleophilicity of triflate anion. Finally, if the rate of intramolecular 
ortho-methoxy trapping was further decreased, as exemplified by the case of 25i, the 
steric repulsion caused by the additional ring fusion thwarted formation of the 
dibenzofuran product.; only the tosylate-trapped product 27i was observed. This suggests 
that the transition state for methoxy attack at the proximal benzyne carbon requires a 
close to planar geometry to achieve effective orbital overlap. As a result, the naphthyne 
was primarily trapped by the external tosylate anion to provide binaphthol derivative 27i 
as a single constitutional isomer in 40% yield plus a small amount of the isomeric 
products of DA reaction with a chlorobenzene solvent molecule (see Supplementary 
Information). 
The unanticipated products 27h’ and 27i, were formed with high regioselectivity during 
trapping by the external nucleophile. This was unexpected, because there are no obvious  
                                                
129 Niu, D.; Hoye, T. R. The aromatic ene reaction. Nat. Chem. 2014, 6, 34–40. 
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Figure 7.4. Calculated distortion angles of naphthynes 26h, 26i, and A-C. 
structural features (substituents, steric effect) that might account for this selectivity, and 
previously calculated HDDA-derived naphthynes have displayed only a minimal amount 
of distortion (Chapter 6). Nonetheless, I computed the DFT-optimized 
[SMD(chlorobenzene)/B3LYP/6-31G**] geometries of naphthynes 26h and 26i, which 
lead to 27h’ and 27i, respectively (Figure 7.4). The distortion of these two naphthynes is 
quite large and in a direction consistent with the observed attack by the tosylate anion at 
carbon a. To try to understand the contributing factor(s) for this distortion, we also 
computed the structures of several analogs. Removal of the aryl substituent (cf. A) has 
only a minor impact on the distortion (∠a–∠b). When the sulfonamide nitrogen was 
replaced by a methylene group (cf. B), again only a minor effect was seen. However, 
when the strain of the five-membered ring that bridges the peri-positions on the 
naphthyne was removed (cf. C), the distortion essentially disappeared. Thus, it is the 
five-membered ring that is responsible for strongly biasing the attack on naphthynes 26h 
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Figure 7.5. Reactions of other 1,2-benzdiyne precursors. Chlorobenzene was the solvent 
for the first five examples; p-xylene was used for the formation of 38. 
To demonstrate a different element of modularity in the overall strategy, we prepared 
four different 1,2-benzdiyne precursors (28, 30, 32, and 34; Figure 7.5). Symmetrical 1,2-
benzdiyne precursors 28, 30, and 32, when reacted with one of the diynylsulfonamides 
25, gave the corresponding naphthalene products 29, 31, and 33, respectively, in good 
yields. The reaction of unsymmetrical precursor 34 and 22 afforded 35 as the only 
constitutional isomer, indicating faster initial benzyne generation through preferential 
loss of the triflate vs. tosylate.125e When 34 was paired with the diyne 25h, no 
dibenzofuran product was seen, again likely reflecting the inability of the o-
methoxyphenyl group to adopt a sufficiently planar geometry for good orbital overlap, 
now because of the presence of the methyl substituent at the naphthyne peri-position. On 
the other hand, a significant amount of chlorobenzene (solvent) trapped products 
(multiple isomers detected by NMR and MS analyses) of the naphthyne was observed. To 
reduce the number of possible regio- and diastereo- isomers, this reaction was carried out 
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in 75% yield. This result, along with the observed formation of 27i, opens the possibility 
of using an external reagent for capturing naphthynes 26. It is surprising that we did not 
detect products arising from addition of the diynylsulfonamide 25h to the intermediate 
naphthyne 37. Indeed, this type of 2:1 adduct was not observed for any of the reactions in 
our studies. 
 
Figure 7.6. Large scale reaction and synthesis of larger polycyclic arenes. 
We show a practical aspect of this transformation in the gram-scale reaction depicted in 
Figure 7.6a. It should be noted that the loading of 4-Ts can be lowered to 1.5 equivalent, 
and slow addition of 4-Ts was not crucial for this larger scale reaction. The yield of 24 
was comparable to the small scale outcome (Figure 7.2). If an additional 1,3-diyne unit is 
present in, for example, sulfonamide 39, an anthracyne intermediate can be formed by a 
second HDDA reaction of the naphthyne, which was trapped by the silyl ether to give 
anthracene derivative 40 (Figure 7.6b).97 Moreover, a bis-sulfonamide 41 can undergo 
two consecutive naphthyne formation and trapping events to forge benzobisnaphthofuran 
derivative 42 (Figure 7.6c). These results demonstrate the potential of our tandem 
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Figure 7.7. Future directions. 
In summary, we have developed a cascade strategy for naphthyne formation using a 1,3-
diyne and a 1,2-benzdiyne precursor. This transformation only requires mildly basic 
conditions and allows rapid construction of various naphthalene products (Figures 7.3 
and 7.5). DFT calculations revealed that a five-membered ring that bridges the peri-
positions on the naphthyne can induce significant distortion of the two sp-hybridized 
carbons in 2,3-naphthynes (Figure 7.4). Moreover, we have demonstrated the potential 
application of this process in the synthesis of large polycyclic arenes (Figure 7.6). Future 
studies will focus on employing different initial nucleophiles, using various linkers that 
connect the 1,3-diyne and the benzyne for the HDDA step (Figures 7.7a and 7.7b). 
Finally, I hope to apply this strategy in the synthesis of enantiomerically pure helicenes 
(Figure 7.7c). Starting from commercially available resorcinol derivative 701, 1,2-
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can be obtained in a single step using our three-aryne strategy. If naphthyne 704 is 
formed initially, trapping with 41 can give rise to dioxa-[9]helicene 705. On the other 
hand, naphthyne 706, which might be more likely formed if Clar’s rule applies, would 
lead to constitutional isomer 707. Notably, the selective formation of either 705 or 707 is 
also possible by using the corresponding unsymmetrical 1,2-benzdiyne precursor (cf. 34, 
Figure 7.5). The isolation of the two enantiomers of 705 can be explored on various 
chiral HPLC conditions, which would enable the characterization of their chiroptical 
properties. 
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General Experimental Protocols130 
1H and 13C NMR spectra were recorded on Bruker Avance 500 and 400 (500 and 400 
MHz) spectrometers. 1H NMR chemical shifts in CDCl3 are referenced to TMS (d = 0.00 
ppm). Non-first order multiplets are identified as "nfom". 13C NMR chemical shifts for 
spectra collected in CDCl3 are referenced to the carbon in CDCl3 (d = 77.16 ppm). 13C 
NMR chemical shifts for spectra recorded in benzene-d6 are referenced to the carbon in 
C6D6 (d = 128.4 ppm). The following format is used to report 1H resonances: chemical 
shift in ppm [multiplicity, coupling constant(s) (J) in Hz, integration to the nearest whole 
number of protons, and assignment]. 1H NMR assignments are indicated by the 
substructure environment, e.g., OCHaHb. Some complex structures are numbered in order 
to simplify the proton assignment identification. Coupling constant analysis was guided 
by methods we have previously reported.131  
Infrared spectra were collected on a Midac Corporation Prospect 4000 FT-IR 
spectrometer. The most diagnostic and/or intense peaks are reported. All spectra were 
collected in attenuated total reflectance (ATR) mode as neat thin films on a germanium 
window.  
High-resolution mass spectrometry (HRMS) measurements were made on a Bruker 
BioTOF II (ESI-TOF) instrument in electrospray ionization (ESI) mode. PEG or PPG 
was used as an internal standard/calibrant. Samples were introduced as solutions in 
methanol or, when MeOH-solubility was poor, in methylene chloride. A few mass-spec 
data were collected on a Waters Synapt G2 UPLC/QTOF-MS instrument.  
Some polyaromatic compounds were not detected by ESI ionization. For these HRMS 
were collected on a Thermo Orbitrap Velos in the positive atmospheric pressure chemical 
                                                
130 Adapted from the Supporting Information for several published articles by the author of this Thesis. 
131 (a) A practical guide to first-order multiplet analysis in 1H NMR spectroscopy. Hoye, T. R.; Hanson, P. 
R.; Vyvyan, J. R. J. Org. Chem. 1994, 59, 4096–4103. (b) A method for easily determining coupling 
constant (J) values: An addendum to "A practical guide to first-order multiplet analysis in 1H NMR 
spectroscopy." Hoye, T. R.; Zhao, H. J. Org. Chem. 2002, 67, 4014–4016. 
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ionization (APCI) mode using an external standard (Pierce™ LTQ) with mass accuracy < 
3 ppm. Samples were injected directly as dilute solutions (concentration less than 10-6 
M) in methanol. 
MPLC refers to medium pressure liquid chromatography (ca. 50-100 psi) using columns 
hand-packed with RediSep Rf Gold® Normal-Phase Silica (20–40 µm, 60 Å pore size, 
Teledyne/ISCO). Eluent was pumped with a Waters HPLC pump; detection was done 
with a differential refractive index detector (Waters R401) and a UV detector (Gilson 
111). Flash chromatography was done with columns packed with E. Merck silica gel 
(230-400 mesh). Thin layer chromatography was performed on plastic-backed plates of 
silica gel; TLC visualization was done by UV detection and/or a ceric ammonium 
molybdate staining.  
UV-Vis absorption spectra were recorded in DCM at a concentration of 10-5 M on a 
Varian Cary 50 Bio UV-Visible Spectrophotometer. Fluorescence data were obtained in 
DCM at a concentration of 10-7 M using a Varian Cary Eclipse Fluorescence 
Spectrophotometer. 
Reactions needing anhydrous conditions were done under an atmosphere of nitrogen or 
argon in flame- or oven-dried glassware. Diisopropylamine and triethylamine were 
distilled from CaH2 and stored over molecular sieves (3 Å). Anhydrous toluene, THF, 
and methylene chloride were collected immediately prior to use upon being passed 
through a column packed with activated alumina. Reported reaction temperatures are the 
temperature of the external heating bath or, for photo-HDDA reactions, of the air 
surrounding the reaction tube. Reactions carried out at temperatures higher than the 
boiling point of the reaction solvent were performed in a screw-capped vial or culture 
tube, closed with an inert, Teflon®-lined screw cap. Those performed in deuterated 
solvents were typically done directly in a capped, 5 mm NMR sample tube.  
If the CHCl3 used as a reaction solvent for any HDDA reaction was stabilized by an 
ethanol additive, it was passed through a small bed of silica gel immediate prior to use.  
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Supplementary Information for Chapter 3 




A solution of tetrayne 308c (0.06 mmol, 30 mg) and perylene (301, 0.095 mmol, 24 mg) in 
CHCl3 (10 mL) was placed in a threaded culture tube. The tube was closed with a Teflon-lined 
screw cap and heated in an oil bath held at 80 °C for 12 h in a flask. The solvent was removed 
under reduced pressure, and the crude product was purified by flash chromatography 
(hexanes:EtOAc:CH2Cl2/6:1:0 to 1:1:1). The material so obtained was recrystallized from 
CH2Cl2/MeOH three times to give 310c (13.8 mg, 0.019 mmol, 32%) as a yellow solid. 
1H NMR (CDCl3, 500 MHz) δ 8.90 (d, J = 9.2 Hz, 1H, H10), 8.87 (dd, J = 1.2, 7.9 Hz, 1H, H5 or 
H6), 8.82 (d, J = 1.2, 7.9 Hz, 1H, H5 or H6), 8.18 (d, J = 9.2 Hz, 1H, H9), 8.15 (dd, J = 1.0, 8.0 
Hz, 1H, H8), 8.02 (d, J = 9.3 Hz, 1H, H1), 7.95 (dd, J = 7.5, 7.5 Hz, 1H, H7), 7.94 (d, J = 7.9 Hz, 
1H, H3), 7.86 (dd, J = 7.7, 7.7 Hz, 1H, H4), 7.54 (d, J = 9.4 Hz, 1H, H2), 7.46 (nfod, J = 8.8 Hz, 
2H, Ho), 7.36 (nfod, J = 8.9 Hz, 2H, Ho’), 7.00 (nfod, J = 8.8 Hz, 2H, Hm), 6.87 (nfod, J = 8.9 
Hz, 2H, Hm’), 4.71 (s, 2H, B-CH2), 4.13 (s, 2H, A-CH2), 3.91 (s, 3H, ArOMe), 3.84 (s, 3H, 
ArOMe), and 3.80 (s, 6H, C(CO2Me)2). 
13C NMR (125 MHz, CDCl3) d 172.1, 159.8, 159.1, 141.0, 140.6, 135.9, 133.7, 133.1, 132.6, 
132.4, 131.9, 131.1, 130.8, 128.5, 128.3, 127.9, 126.9, 126.81, 126.75, 126.67, 126.56, 126.4, 
126.2, 125.7, 125.0, 124.9, 124.8, 120.7, 120.5, 119.7, 115.9, 114.1, 114.0, 97.6, 87.1, 60.7, 55.5, 
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IR (neat) 3006, 2988, 2956, 2837, 2206, 1737, 1603, 1510, 1438, 1281, 1257, 1205, 1173, 1071, 
1033, 958, and 836 cm-1. 
HRMS (ESI-TOF): Calcd for (C49H34O6•Na)+ 741.2248; found: 741.2277. 




A solution of tetrayne 308d (0.1 mmol, 25 mg) and perylene (301, 0.15 mmol, 38 mg) in CHCl3 
(7.5 mL) was placed in a threaded culture tube. The headspace was purged with nitrogen gas and 
the vial was tightly closed with a Teflon-lined screw cap. The tube was heated in an oil bath held 
at 80 °C for 12 h. The solvent was partially removed under reduced pressure. The sparingly 
soluble product had precipitated. The slurry was filtered and the filter cake was washed with H2O 
(40 mL), EtOAc (20 mL), and DCM (20 mL) and the remaining solid was dried under vacuum to 
give 310d (26.3 mg, 0.053 mmol, 53%) as a yellow solid. 
1H NMR (CDCl3, 500 MHz) δ 8.92 (dd, J = 1.1, 8.1 Hz, 1H, H6 or H5), 8.90 (dd, J = 1.1, 8.0 Hz, 
1H, H5 or H6), 8.72 (d, J = 9.1 Hz, 1H, H1 or H10), 8.50 (d, J = 9.1 Hz, 1H, H10 or H1), 8.19 (d, 
J = 9 Hz, 1H), 8.17 (d, J = 9 Hz, 1H), 8.16 (d, J = 9 Hz, 1H), 8.10 (d, J = 9.3 Hz, 1H), 7.99 (dd, J 
= 7.8, 7.8 Hz, 1H, H7 or H4), 7.98 (dd, J = 7.7, 7.7 Hz, 1H, H4 or H7), 5.77 (s, 2H, B-CH2), 5.07 
(s, 2H, A-CH2), 3.27 (s, 3H), 2.97 (s, 3H, ArCH3), and 2.28 (s, 3H, propynyl-CH3). 
13C NMR (CDCl3, 125 MHz) The compound was so sparingly soluble that quality 13C data could 
not be collected.   
IR (neat) 2960, 2919, 2846, 2229, 1443, 1325, 1150, 1095, 970, and 821 cm-1. 
HRMS (ESI-TOF): Calcd for (C33H23NO2S•Na)+ 520.1342; found: 520.1344. 


















80 oC, 12 h
+
308d 310d301
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3-(14-(Acetoxymethyl)-1,3-dihydrobenzo[12,1]naphtho[8',1',2':5,6,7]tetrapheno[8,9-c]furan-
15-yl)prop-2-yn-1-yl acetate (310e) 
 
A solution of tetrayne 308e (0.1 mmol, 28.6 mg) and perylene (301, 0.15 mmol, 38 mg) were 
dissolved in CHCl3 (10 mL) and placed in a threaded culture tube. The headspace was flushed 
with nitrogen gas and the tube was closed with a Teflon-lined screw cap. The tube was heated in 
an oil bath held at 80 °C for 12 h. The solvent was removed under reduced pressure, and the 
crude product was purified by flash chromatography (hexanes:EtOAc 10:1 to 4:1). The material 
so obtained was recrystallized from CH2Cl2/MeOH three times to remove residual, partially 
coeluting perylene and give 310e (16.3 mg, 0.31 mmol, 31%) as a yellow solid. 
In a different experiment 308e (0.05 mmol, 14 mg), perylene (301, 0.075 mmol, 19 mg), and o-
dichlorobenzene (DCB, ca. 6 µL) were dissolved in CDCl3 (5 mL). The 1H NMR spectrum was 
recorded and the molar ratio of 308e:DCB was judged from proton integration to be 1.0:1.0. This 
solution was heated in capped culture tube in an 80 °C bath for 18 h. Integration of an aliquot of 
this crude product solution showed the molar ratio of product 310e:DCB to be 0.69:1.0, 
indicating the NMR-based chemical yield for the reaction to be 69%. 
1H NMR (CDCl3, 500 MHz) δ 8.68 (dd, J = 1.1, 7.4 Hz, 1H, H5 or H6), 8.67 (dd, J = 1.1, 7.4 Hz, 
1H, H6 or H5), 8.32 (d, J = 9.0 Hz, 1H, H10 or H1), 8.00 (br d, J = 7.6 Hz, 1H), 7.91 (br d, J = 
7.5 Hz, 1H), 7.87 (d, J = 9.2 Hz, 1H, H1 or H10), 7.84 (dd, J = 7.7, 7.7 Hz, 1H, H4 or H7), 7.811 
(dd, J = 7.7, 7.7 Hz, 1H, H7 or H4), 7.810 (d, J = 9.1 Hz, 1H), 7.73 (d, J = 9.1 Hz, 1H), 5.78 (t, J 
= 2.3 Hz, 2H, B-CH2), 5.53 (br s, 2H, ArCH2OAc), 5.33 (tt, J = 2, 2 Hz, 2H, A-CH2), 5.03 (s, 2H, 
ºCCH2OAc), 2.34 (s, 3H, OAc), and 2.23 (s, 3H, OAc’). 
13C NMR (125 MHz, CDCl3) d 170.9, 170.4, 139.7, 135.1, 134.1, 132.2, 132.1, 130.7, 130.6, 
129.9, 127.7, 126.96, 126.93, 126.90, 126.69, 126.60, 126.5, 126.2, 125.84, 125.79, 125.68, 125.3, 
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IR (neat) 3009, 2980, 2919, 2849, 2229, 1746, 1379, 1365, 1275, 1228, 1071, 1024, 967, 923, 
839, and 821 cm-1. 
HRMS (ESI-TOF): Calcd for (C36H24O5•Na)+ 559.1515; found: 559.1523. 





A solution of tetrayne 308c (0.11 mmol, 50 mg) and the perylene tetraethyl ester derivative 301-T 
(0.13 mmol, 32 mg) in CHCl3 (13 mL) was placed in a threaded culture tube. The tube was closed 
with a Teflon-lined screw cap and heated in an oil bath held at 80 °C for 12 h in a flask. The 
solvent was removed under reduced pressure, and the crude product was purified by flash 
chromatography (hexanes:EtOAc:CH2Cl2/3:1:1 to 1:1:1). The material so obtained was 
recrystallized from CH2Cl2/MeOH three times to give 310f (35 mg, 0.033 mmol, 31%) as a 
yellow solid. 
1H NMR (CDCl3, 500 MHz) δ 9.56 (s, 1H, H6), 8.99 (d, J = 8.3 Hz, 1H, H4 or H3), 8.96 (d, J = 
8.3 Hz, 1H, H4 or H3), 8.75 (s, 1H, H1), 8.49 (d, J = 8.1 Hz, 1H, H2 or H5), 8.40 (d, J = 8.1 Hz, 
1H, H2 or H5), 7.49 (nfod, J = 8.7 Hz, 2H, Ho), 7.37 (nfod, J = 8.8 Hz, 2H, Ho’), 7.08 (nfod, J = 
8.7 Hz, 2H, Hm), 6.88 (nfod, J = 8.8 Hz, 2H, Hm’), 4.76 (s, 2H, B-CH2), 4.52 (q, J = 7.1 Hz, 2H, 
CO2CH2CH3), 4.51 (q, J = 7.1 Hz, 2H, CO2CH2CH3), 4.36 (q, J = 7.2 Hz, 2H, CO2CH2CH3), 4.23 
(q, J = 7.1 Hz, 2H, CO2CH2CH3), 4.17 (s, 2H, A-CH2), 3.91 (s, 3H, ArOMe), 3.85 (s, 3H, 
ArOMe), 3.82 [s, 6H, C(CO2Me)2], 1.55 (t, J = 7.2 Hz, 3H, CO2CH2CH3), 1.51 (t, J = 7.2 Hz, 3H, 
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13C NMR (125 MHz, CDCl3) d 171.9, 168.9, 168.7, 168.6, 168.2, 160.1, 159.6, 142.8, 141.4, 
134.5, 134.2, 133.3, 133.0, 132.9, 132.6, 132.4, 130.7, 130.1, 129.8, 129.7, 129.5, 129.0, 128.4, 
128.3, 128.2, 127.2, 127.0, 126.9, 126.7, 126.5, 125.9, 125.5, 125.2, 121.8, 121.7, 121.5, 115.5, 
114.5, 114.2, 98.6, 86.7, 61.8, 61.7, 61.5, 61.2, 60.7, 57.6, 55.51. 55.45, 53.4, 45.5, 41.4, 14.48, 
14.46, 14.38, and 14.1. 
IR (neat) 2983, 2957, 2907, 2838, 2206, 1723, 1606, 1513, 1450, 1267, 1205, 1173, 1118, 1083, 
1034, and 836 cm-1. 
HRMS (ESI-TOF): Calcd for (C61H50O14•Na)+ 1029.3093; found: 1029.3108. 
mp (recrystallized from CH2Cl2/MeOH): 276-278 ºC. 
7,8,16,17-Tetraethyl 2,2,11,11-tetramethyl 5,14-bis(4-methoxyphenyl)-4,13-bis((4-
methoxyphenyl)ethynyl)-1,3,10,12-tetrahydrodiindeno[4,5-a:4',5'-j]coronen-





A solution of tetrayne 308c (0.21 mmol, 100 mg) and the perylene derivative 301-T (0.26 mmol, 
64.6 mg) in CHCl3 (26 mL) was heated in an oil bath held at 85 °C for 12 h in a flask. The 
solvent was removed under reduced pressure. This material was purified by sequential flash 
chromatography (hexanes:EtOAc:DCM, 6:1:1, to 4:1:1, to 2:1:1, to 1:1:1) and MPLC 
(hexanes:EtOAc:DCM, 2:1:1) to give a mixture containing an ca. 2:1 mixture of both 311-anti 
and 311-syn (14 mg, 0.01 mmol, 5%) as an orange powder. We were not able to discern which 
compound was the major component. To obtain a more pristine sample for proton NMR analysis, 
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1H NMR (500 MHz, major, CDCl3) δ 9.97 (s, 2H, perylene-H), 9.16 (s, 2H, perylene-H), 7.53 
(nfod, J = 8.7 Hz, 4H, Ho), 7.38 (nfod, J = 8.8 Hz, 4H, Ho’), 7.09 (nfod, J = 8.9 Hz, 4H, Hm), 6.89 
(nfod, J = 8.9 Hz, 4H, Hm’), 4.91 (s, 4H, B-CH2), 4.65 (q, J = 7.1 Hz, 4H, CO2CH2CH3), 4.25 (q, J 
= 7.1 Hz, 4H, CO2CH2CH3), 4.22 (s, 4H, A-CH2), 3.91 (s, 6H, OCH3), 3.85 (s, 6H, OCH3), 3.84 
(s, 12H, COOCH3), 1.64 (t, J = 7.1 Hz, 6H, CO2CH2CH3), and 1.35 (t, J = 7.1 Hz, 6H, 
CO2CH2CH3). 
1H NMR (500 MHz, minor, CDCl3) δ 9.86 (s, 2H, perylene-H), 9.24 (s, 2H, perylene-H), 7.56 
(nfod, J = 8.8 Hz, 4H, Ho), 7.40 (nfod, J = 8.6 Hz, 4H, Ho’), 7.11 (nfod, J = 8.8 Hz, 4H, Hm), 6.90 
(nfod, J = 8.9 Hz, 4H, Hm’), 4.86 (s, 4H, B-CH2), 4.51 (q, J = 7.1 Hz, 4H, CO2CH2CH3), 4.36 (q, J 
= 7.1 Hz, 4H, CO2CH2CH3), 4.21 (s, 4H, A-CH2), 3.94 (s, 6H, OCH3), 3.86 (s, 6H, OCH3), 3.82 
(s, 12H, COOCH3), 1.53 (t, J = 7.3 Hz, 6H, CO2CH2CH3), and 1.43 (t, J = 7.1 Hz, 6H, 
CO2CH2CH3) 
13C NMR (125 MHz, major, CDCl3) δ 171.8, 168.8, 168.3, 159.9, 159.5, 142.6, 141.5, 134.6, 
134.4, 133.1, 132.3, 131.2, 130.9, 129.2, 128.6, 128.4, 128.2, 124.8, 124.3, 122.6, 121.6, 115.2, 
114.4, 114.0, 98.5, 86.7, 61.6, 61.0, 60.7, 55.31, 55.28, 53.2, 45.5, 41.3, 14.3, and 14.2. (All 
carbons bearing a proton gave rise to a cross-peak in the HSQC spectrum. Resonances for seven 
pairs of carbons, presumably in the core of the perylene and remote from protons in the 
compounds, could not be identified by HMBC analysis.) 
13C NMR (125 MHz, minor, CDCl3) δ 171.8, 168.7, 168.4, 159.9, 159.5, 142.6, 141.3, 134.6, 
134.5, 133.1, 132.3, 131.7, 130.9, 128.79, 128.75, 128.68, 128.63, 124.1, 124.0, 121.0, 115.2, 
114.4, 114.0, 98.5, 86.7, 61.4, 61.2, 60.8, 55.31, 55.28, 53.1, 45.4, 41.4, 14.4, and 14.1. (All 
carbons bearing a proton gave rise to a cross-peak in the HSQC spectrum. Resonances for eight 
pairs of carbons, presumably in the core of the perylene and remote from protons in the 
compounds, could not be identified by HMBC analysis.) 
IR (neat) 2956, 2926, 2852, 2202, 1731, 1605, 1511, 1462, 1455, 1441, 1287, 1249, 1209, 1171, 
1102, 1032, 862, and 830 cm-1. 
HRMS (ESI-TOF): Calcd for (C90H72O20•Na2)2+ 759.2201; found: 759.2173. An ion for this 
compound was difficult to measure. Although the mass reported here was clearly evident (along 
with that of an M+1 isotopomer at 759.7193 for this doubly charged ion), a larger set of 
isotopomeric masses, one amu larger (in the doubly charged ion), was seen, the first appearing at 
760.2266. The latter likely correspond to an [(M+H2)•Na2]2+ species, perhaps formed in situ 
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during the HRMS measurement. We speculate that the dicationic complex could be reduced by 
methanol, the solvent for the analyte.  
mp (recrystallized from CH2Cl2/MeOH): ca. 325 ºC (onset of decomposition). 
Computational Methods 
All DFT calculations were performed in Gaussian 09132. All structures were initially optimized in 
the gas phase at the B3LYP/6-31G(d) level of theory. The natures of all optimized structures 
(minima or TS) were verified by frequency calculation (353K, at the same level of theory). The 
TS structures were further evaluated by the intrinsic reaction coordinate (IRC) calculation. For 
301-304 each of the gas-phase optimized geometries was then subjected to a single-point 
calculation at the B3LYP-D3BJ/6-311+G(d,p) level of theory using the chloroform SMD 
solvation model. For 310a-c, 310e-g, time-dependent (TD)DFT calculations at the B3LYP/6-
31G(d) level of theory were used to obtain the HOMO-LUMO gap. 
Listed on the following pages are the electronic energy value at B3LYP/6-31G(d), the thermal 
correction to the Gibbs energy, the electronic energy value at SMD(chloroform)/B3LYP-D3BJ/6-
311+G(d,p), the sum of the electronic and thermal free energies, and the Cartesian coordinates, 
for 301-304. Additionally provided are: a 3D structure and the imaginary frequency value for 
each of the transition state structures TS1 and TS2. For 310a-c and 310e-g, DFT calculated 
HOMO energies, TD-DFT calculated energy gaps, and the Cartesian coordinates of the optimized 
geometries are given. 
Energies and geometries of species 1-4, TS1, TS2, and H2 (Figure 3.3)  
 
Perylene (301) 
E[B3LYP/6-31G(d)] = -769.406119 Hartree/Particle 
Thermal correction to Gibbs Free Energy= 0.206674 Hartree/Particle 
E[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)] = -769.690685 Hartree/Particle 
                                                
132 Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A., Cheeseman, J. R., Scalmani, 
G., Barone, V., Mennucci, B., Petersson, G. A., Nakatsuji, H., Caricato, M., Li, X., Hratchian, H. P., 
Izmaylov, A. F., Bloino, J., Zheng, G., Sonnenberg, J. L., Hada, M., Ehara, M., Toyota, K., Fukuda, R., 
Hasegawa, J., Ishida, M., Nakajima, T., Honda, Y., Kitao, O., Nakai, H., Vreven, T., Montgomery, J. A., 
Peralta, Jr., J. E., Ogliaro, F., Bearpark, M., Heyd, J. J., Brothers, E., Kudin, K. N., Staroverov, V. N., Keith, 
T., Kobayashi, R., Normand, J., Raghavachari, K., Rendell, A., Burant, J. C., Iyengar, S. S., Tomasi, J., 
Cossi, M., Rega, N., Millam, J. M., Klene, M., Knox, J. E., Cross, J. B., Bakken, V., Adamo, C., Jaramillo, 
J., Gomperts, R., Stratmann, R. E., Yazyev, O., Austin, A. J., Cammi, R., Pomelli, C., Ochterski, J. W., 
Martin, R. L., Morokuma, K., Zakrzewski, V. G., Voth, G. A., Salvador, P., Dannenberg, J. J., Dapprich, S., 
Daniels, A. D., Farkas, O., Foresman, J. B., Ortiz, J. V., Cioslowski, J., Fox, D. J., Gaussian 09, Revision 
C.01, Gaussian Inc.: Wallingford, CT (2010). 
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G[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)//B3LYP/6-31G(d)] = -769.484011 Hartree/Particle 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        0.000000    2.422527    2.885634 
      2          6           0        0.000000    2.427358    1.479156 
      3          6           0        0.000000    1.249717    0.738147 
      4          6           0        0.000000    0.000000    1.439240 
      5          6           0        0.000000    0.000000    2.874320 
      6          6           0        0.000000    1.232494    3.575328 
      7          6           0        0.000000    1.249717   -0.738147 
      8          6           0        0.000000   -1.249717    0.738147 
      9          6           0        0.000000   -1.249717   -0.738147 
     10          6           0        0.000000    0.000000   -1.439240 
     11          6           0        0.000000   -2.427358   -1.479156 
     12          6           0        0.000000   -2.427358    1.479156 
     13          6           0        0.000000   -2.422527    2.885634 
     14          6           0        0.000000   -1.232494    3.575328 
     15          1           0        0.000000   -1.217732    4.662245 
     16          1           0        0.000000   -3.368305    3.420671 
     17          1           0        0.000000    3.368305    3.420671 
     18          1           0        0.000000    1.217732    4.662245 
     19          6           0        0.000000    2.427358   -1.479156 
     20          6           0        0.000000    2.422527   -2.885634 
     21          6           0        0.000000    1.232494   -3.575328 
     22          6           0        0.000000    0.000000   -2.874320 
     23          1           0        0.000000    3.368305   -3.420671 
     24          1           0        0.000000    1.217732   -4.662245 
     25          6           0        0.000000   -2.422527   -2.885634 
     26          1           0        0.000000   -3.368305   -3.420671 
     27          6           0        0.000000   -1.232494   -3.575328 
     28          1           0        0.000000   -1.217732   -4.662245 
     29          1           0        0.000000   -3.388044    0.976920 
     30          1           0        0.000000   -3.388044   -0.976920 
     31          1           0        0.000000    3.388044   -0.976920 
     32          1           0        0.000000    3.388044    0.976920 
 ---------------------------------------------------------------------   
o-Benzyne (302) 
E[B3LYP/6-31G(d)] = -230.909948 Hartree/Particle 
Thermal correction to Gibbs Free Energy= 0.041914 Hartree/Particle 
E[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)] = -230.998131 Hartree/Particle 
G[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)//B3LYP/6-31G(d)] = -230.956217 Hartree/Particle 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        0.625524   -1.237591    0.000002 
      2          6           0       -0.625524   -1.237591    0.000002 
      3          6           0       -1.461360   -0.133672   -0.000003 
      4          6           0       -0.703520    1.058549    0.000001 
      5          6           0        0.703520    1.058550    0.000000 
      6          6           0        1.461360   -0.133672   -0.000003 
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      7          1           0       -2.546612   -0.134738   -0.000001 
      8          1           0       -1.229310    2.011015    0.000004 
      9          1           0        1.229310    2.011016    0.000003 
     10          1           0        2.546612   -0.134737   -0.000001 
 ---------------------------------------------------------------------   
TS1 
 
Imaginary Frequency = -157.45 cm-1 
E[B3LYP/6-31G(d)] = -1000.314066 Hartree/Particle 
Thermal correction to Gibbs Free Energy= 0.271393 Hartree/Particle 
E[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)] = -1000.694277 Hartree/Particle 
G[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)//B3LYP/6-31G(d)] = -1000.422884 Hartree/Particle 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -2.626448    1.151535    0.108508 
      2          6           0       -2.773439   -0.112932    0.037941 
      3          6           0       -3.666610   -0.883693    0.761363 
      4          6           0       -4.447947   -0.110345    1.642432 
      5          6           0       -4.299778    1.284859    1.730103 
      6          6           0       -3.362753    1.981990    0.941990 
      7          1           0       -3.774437   -1.962765    0.686329 
      8          1           0       -5.182083   -0.606512    2.273894 
      9          1           0       -4.922410    1.839921    2.429125 
     10          1           0       -3.251606    3.061460    1.011358 
     11          6           0       -1.561906   -2.520767   -1.559032 
     12          6           0       -1.267311   -1.129716   -1.546864 
     13          6           0       -0.075305   -0.644298   -0.972599 
     14          6           0        0.801297   -1.570919   -0.317133 
     15          6           0        0.474596   -2.966960   -0.313035 
     16          6           0       -0.724276   -3.411150   -0.947657 
     17          6           0        0.231254    0.771937   -0.949555 
     18          6           0        2.001293   -1.127699    0.323581 
     19          6           0        2.315837    0.309379    0.343459 
     20          6           0        1.412729    1.229548   -0.275440 
     21          6           0        3.462206    0.815003    0.960519 
     22          6           0        2.826634   -2.081845    0.923085 
     23          6           0        2.505413   -3.445083    0.917184 
     24          6           0        1.344504   -3.885371    0.311195 
     25          1           0        1.086905   -4.941533    0.307476 
     26          1           0        3.175570   -4.153493    1.396434 
     27          1           0       -2.464266   -2.862689   -2.058263 
     28          1           0       -0.947192   -4.475324   -0.948237 
     29          6           0       -0.641409    1.723634   -1.502970 
     30          6           0       -0.348534    3.108797   -1.450950 
2.41 A
2.62 A
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     31          6           0        0.785304    3.553652   -0.826113 
     32          6           0        1.694058    2.633827   -0.225733 
     33          1           0       -1.033882    3.810911   -1.917329 
     34          1           0        1.017554    4.615042   -0.785163 
     35          6           0        3.738436    2.188126    0.995301 
     36          1           0        4.641879    2.538580    1.486802 
     37          6           0        2.866836    3.088625    0.415250 
     38          1           0        3.070659    4.156063    0.445040 
     39          1           0        3.742510   -1.776835    1.416226 
     40          1           0        4.167261    0.142033    1.435115 
     41          1           0       -1.468262    1.408886   -2.124141 
     42          1           0       -1.846283   -0.494540   -2.203643 
 ---------------------------------------------------------------------  
303 
E[B3LYP/6-31G(d)] = -1000.429150 Hartree/Particle 
Thermal correction to Gibbs Free Energy= 0.281925 Hartree/Particle 
E[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)] = -1000.807002 Hartree/Particle 
G[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)//B3LYP/6-31G(d)] = -1000.525077 Hartree/Particle 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -0.525266   -3.417540   -2.878612 
      2          6           0       -0.515178   -3.460964   -1.496907 
      3          6           0       -0.174966   -2.321492   -0.727333 
      4          6           0        0.170234   -1.125417   -1.419841 
      5          6           0        0.143151   -1.088479   -2.847762 
      6          6           0       -0.200647   -2.231483   -3.556433 
      7          6           0       -0.174966   -2.321492    0.727333 
      8          6           0        0.533281    0.047602   -0.685631 
      9          6           0        0.533281    0.047602    0.685631 
     10          6           0        0.170234   -1.125417    1.419841 
     11          6           0        0.810280    1.280846   -2.876686 
     12          6           0        0.473595    0.159222   -3.529841 
     13          1           0        0.443728    0.151071   -4.617652 
     14          1           0        1.070352    2.177476   -3.433710 
     15          1           0       -0.790634   -4.306639   -3.444099 
     16          1           0       -0.219728   -2.202828   -4.643331 
     17          6           0       -0.515178   -3.460964    1.496907 
     18          6           0       -0.525266   -3.417540    2.878612 
     19          6           0       -0.200647   -2.231483    3.556433 
     20          6           0        0.143151   -1.088479    2.847762 
     21          1           0       -0.790634   -4.306639    3.444099 
     22          1           0       -0.219728   -2.202828    4.643331 
     23          6           0        0.810280    1.280846    2.876686 
     24          1           0        1.070352    2.177476    3.433710 
     25          6           0        0.473595    0.159222    3.529841 
     26          1           0        0.443728    0.151071    4.617652 
     27          1           0       -0.777014   -4.390130   -1.003143 
     28          1           0       -0.777014   -4.390130    1.003143 
     29          6           0        0.914752    1.347133   -1.379748 
     30          1           0        1.984882    1.529747   -1.144750 
     31          6           0        0.914752    1.347133    1.379748 
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     32          1           0        1.984882    1.529747    1.144750 
     33          6           0        0.162567    2.501032   -0.703180 
     34          6           0        0.162567    2.501032    0.703180 
     35          6           0       -0.516529    3.504232   -1.393946 
     36          6           0       -0.516529    3.504232    1.393946 
     37          6           0       -1.184468    4.514843   -0.696480 
     38          1           0       -1.712924    5.290470   -1.244483 
     39          6           0       -1.184468    4.514843    0.696480 
     40          1           0       -1.712924    5.290470    1.244483 
     41          1           0       -0.543487    3.493613   -2.479418 
     42          1           0       -0.543487    3.493613    2.479418 
 ---------------------------------------------------------------------  
TS2 
 
Imaginary Frequency = -1790.90 cm-1 
E[B3LYP/6-31G(d)] = -1000.376473 Hartree/Particle 
Thermal correction to Gibbs Free Energy= 0.274925 Hartree/Particle 
E[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)] = -1000.756308 Hartree/Particle 
G[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)//B3LYP/6-31G(d)] = -1000.481383 Hartree/Particle 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -2.626448    1.151535    0.108508 
      2          6           0       -2.773439   -0.112932    0.037941 
      3          6           0       -3.666610   -0.883693    0.761363 
      4          6           0       -4.447947   -0.110345    1.642432 
      5          6           0       -4.299778    1.284859    1.730103 
      6          6           0       -3.362753    1.981990    0.941990 
      7          1           0       -3.774437   -1.962765    0.686329 
      8          1           0       -5.182083   -0.606512    2.273894 
      9          1           0       -4.922410    1.839921    2.429125 
     10          1           0       -3.251606    3.061460    1.011358 
     11          6           0       -1.561906   -2.520767   -1.559032 
     12          6           0       -1.267311   -1.129716   -1.546864 
     13          6           0       -0.075305   -0.644298   -0.972599 
     14          6           0        0.801297   -1.570919   -0.317133 
     15          6           0        0.474596   -2.966960   -0.313035 
     16          6           0       -0.724276   -3.411150   -0.947657 
     17          6           0        0.231254    0.771937   -0.949555 
     18          6           0        2.001293   -1.127699    0.323581 
     19          6           0        2.315837    0.309379    0.343459 
     20          6           0        1.412729    1.229548   -0.275440 
     21          6           0        3.462206    0.815003    0.960519 
     22          6           0        2.826634   -2.081845    0.923085 
     23          6           0        2.505413   -3.445083    0.917184 
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     25          1           0        1.086905   -4.941533    0.307476 
     26          1           0        3.175570   -4.153493    1.396434 
     27          1           0       -2.464266   -2.862689   -2.058263 
     28          1           0       -0.947192   -4.475324   -0.948237 
     29          6           0       -0.641409    1.723634   -1.502970 
     30          6           0       -0.348534    3.108797   -1.450950 
     31          6           0        0.785304    3.553652   -0.826113 
     32          6           0        1.694058    2.633827   -0.225733 
     33          1           0       -1.033882    3.810911   -1.917329 
     34          1           0        1.017554    4.615042   -0.785163 
     35          6           0        3.738436    2.188126    0.995301 
     36          1           0        4.641879    2.538580    1.486802 
     37          6           0        2.866836    3.088625    0.415250 
     38          1           0        3.070659    4.156063    0.445040 
     39          1           0        3.742510   -1.776835    1.416226 
     40          1           0        4.167261    0.142033    1.435115 
     41          1           0       -1.468262    1.408886   -2.124141 
     42          1           0       -1.846283   -0.494540   -2.203643 
 ---------------------------------------------------------------------  
Naphtho[1,2,3,4-ghi]perylene (304) 
E[B3LYP/6-31G(d)] = -999.293463 Hartree/Particle 
Thermal correction to Gibbs Free Energy= 0.259733 Hartree/Particle 
E[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)] = -999.661055 Hartree/Particle 
G[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)//B3LYP/6-31G(d)] = -999.401322 Hartree/Particle 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -3.579336    2.880240    0.000001 
      2          6           0       -3.589100    1.480659    0.000001 
      3          6           0       -2.407281    0.734462    0.000000 
      4          6           0       -1.159334    1.430840    0.000000 
      5          6           0       -1.159757    2.860135    0.000000 
      6          6           0       -2.379731    3.566113    0.000000 
      7          6           0       -2.407281   -0.734462    0.000000 
      8          6           0        0.090731    0.721867    0.000000 
      9          6           0        0.090731   -0.721867    0.000000 
     10          6           0       -1.159334   -1.430840    0.000000 
     11          6           0        1.268659    2.862957   -0.000001 
     12          6           0        0.088755    3.546326   -0.000001 
     13          1           0        0.085054    4.633494   -0.000001 
     14          1           0        2.191490    3.429725   -0.000002 
     15          1           0       -4.521250    3.421865    0.000001 
     16          1           0       -2.360156    4.653024    0.000000 
     17          6           0       -3.589100   -1.480659    0.000000 
     18          6           0       -3.579336   -2.880240    0.000000 
     19          6           0       -2.379731   -3.566113    0.000000 
     20          6           0       -1.159757   -2.860135    0.000000 
     21          1           0       -4.521250   -3.421865    0.000000 
     22          1           0       -2.360156   -4.653024    0.000000 
     23          6           0        1.268659   -2.862957    0.000000 
     24          1           0        2.191490   -3.429725   -0.000001 
     25          6           0        0.088755   -3.546326    0.000000 
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     26          1           0        0.085054   -4.633494   -0.000001 
     27          1           0       -4.549589    0.978307    0.000001 
     28          1           0       -4.549589   -0.978307    0.000000 
     29          6           0        1.311132    1.434138    0.000000 
     30          6           0        1.311132   -1.434138    0.000000 
     31          6           0        2.571199    0.713272    0.000000 
     32          6           0        2.571199   -0.713272    0.000000 
     33          6           0        3.819273    1.387232    0.000000 
     34          6           0        3.819273   -1.387232    0.000001 
     35          6           0        5.016692    0.702904    0.000000 
     36          1           0        5.954814    1.250990    0.000001 
     37          6           0        5.016692   -0.702904    0.000001 
     38          1           0        5.954814   -1.250990    0.000001 
     39          1           0        3.848218    2.470026    0.000000 
     40          1           0        3.848218   -2.470026    0.000001 
 ---------------------------------------------------------------------     
H2 
E[B3LYP/6-31G(d)] = -1.175483 Hartree/Particle 
Thermal correction to Gibbs Free Energy= -0.004072 Hartree/Particle 
E[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)] = -1.179455 Hartree/Particle 
G[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)//B3LYP/6-31G(d)] = -1.183527 Hartree/Particle 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          1           0        0.000000    0.000000    0.371394 
      2          1           0        0.000000    0.000000   -0.371394 
 --------------------------------------------------------------------- 
Geometries and HOMO and LUMO energies for 310a-c and 310e-g (Figure 3.4). 
 
310a 
E(HOMO) = -0.18925 Hartree/Particle 
 
Excited State   1:      Singlet-A      2.6875 eV  461.33 nm  f=0.1855  <S**2>=0.000 
     161 ->162         0.69069 
 This state for optimization and/or second-order correction. 
 Total Energy, E(TD-HF/TD-KS) =  -1993.20811768     
 Copying the excited state density for this state as the 1-particle RhoCI density. 
  
 Excited State   2:      Singlet-A      2.9895 eV  414.74 nm  f=0.0415  <S**2>=0.000 
     159 ->162        -0.10090 
     160 ->162        -0.36682 
     161 ->163         0.54127 
     161 ->164        -0.15273 
     161 ->165         0.13272 
  
 Excited State   3:      Singlet-A      3.2424 eV  382.39 nm  f=0.2920  <S**2>=0.000 
     159 ->162         0.16435 
     160 ->162         0.27493 
     161 ->163         0.37065 
     161 ->164         0.47284 
     161 ->165        -0.11193 
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--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        4.794343   -1.514643   -0.158214 
      2          6           0        5.418258   -0.250935   -0.077148 
      3          6           0        6.801484   -0.155606   -0.022109 
      4          6           0        7.596406   -1.311068   -0.046329 
      5          6           0        6.983706   -2.570489   -0.127477 
      6          6           0        5.599741   -2.672408   -0.182496 
      7          6           0        3.376863   -1.614750   -0.214326 
      8          6           0        2.161420   -1.654181   -0.265618 
      9          6           0        0.745350   -1.796562   -0.315140 
     10          6           0        0.219286   -3.112035   -0.289862 
     11          6           0       -1.130120   -3.312939   -0.167858 
     12          6           0       -2.044760   -2.230783   -0.148928 
     13          6           0       -1.549351   -0.904236   -0.355765 
     14          6           0       -0.128221   -0.691439   -0.329928 
     15          6           0       -3.453804   -2.456934    0.105857 
     16          6           0       -4.363032   -1.379747    0.047022 
     17          6           0       -3.900109   -0.074077   -0.351965 
     18          6           0       -2.524120    0.156208   -0.599346 
     19          6           0       -5.752066   -1.588295    0.345884 
     20          6           0       -6.695565   -0.519582    0.259423 
     21          6           0       -6.240020    0.795206   -0.208897 
     22          6           0       -4.857698    0.985124   -0.521594 
     23          6           0       -3.945362   -3.747633    0.478616 
     24          6           0       -5.257220   -3.952482    0.788325 
     25          6           0       -6.201949   -2.887101    0.736670 
     26          6           0       -4.426396    2.254505   -1.014379 
     27          6           0       -3.058019    2.414813   -1.369514 
     28          6           0       -2.152972    1.413816   -1.172113 
     29          6           0       -7.557199   -3.095149    1.062439 
     30          6           0       -8.454764   -2.045817    1.001771 
     31          6           0       -8.026777   -0.775003    0.600561 
     32          6           0       -7.117314    1.870314   -0.374786 
     33          6           0       -6.681729    3.113883   -0.847197 
     34          6           0       -5.352398    3.305898   -1.170750 
     35          6           0        0.498165    0.656243   -0.162696 
     36          6           0        0.239969    1.404086    0.997747 
     37          6           0        0.857236    2.633277    1.208123 
     38          6           0        1.747636    3.145723    0.254766 
     39          6           0        2.013284    2.404932   -0.905064 
     40          6           0        1.402501    1.171604   -1.106540 
     41          6           0        9.073987   -1.142254    0.016649 
     42          6           0        2.435541    4.456341    0.418117 
     43          8           0        2.102938    5.075406    1.574990 
     44          6           0        2.738080    6.343810    1.794173 
     45          8           0        9.731855   -2.325690   -0.014056 
     46          6           0       11.162735   -2.230318    0.043319 
     47          8           0        9.642941   -0.070076    0.088100 
     48          8           0        3.212433    4.931329   -0.387798 
     49          1           0        4.802524    0.642672   -0.058412 
  145 
 
     50          1           0        7.291192    0.810559    0.040173 
     51          1           0        7.597201   -3.464109   -0.146600 
     52          1           0        5.124567   -3.646338   -0.244921 
     53          1           0        0.905856   -3.951990   -0.310502 
     54          1           0       -1.492609   -4.330645   -0.098665 
     55          1           0       -3.263555   -4.585271    0.554605 
     56          1           0       -5.600982   -4.939339    1.087959 
     57          1           0       -2.740314    3.353859   -1.815626 
     58          1           0       -1.134406    1.574074   -1.489060 
     59          1           0       -7.881957   -4.088581    1.361224 
     60          1           0       -9.499036   -2.202062    1.257882 
     61          1           0       -8.762361    0.019874    0.555848 
     62          1           0       -8.169809    1.753240   -0.143841 
     63          1           0       -7.397800    3.922697   -0.963794 
     64          1           0       -5.003777    4.263380   -1.549260 
     65          1           0       -0.449906    1.012964    1.739602 
     66          1           0        0.653519    3.198294    2.110713 
     67          1           0        2.700951    2.813927   -1.638240 
     68          1           0        1.614784    0.604814   -2.007779 
     69          1           0        3.824983    6.229446    1.823851 
     70          1           0        2.478028    7.046736    0.998174 
     71          1           0        2.362706    6.696051    2.755502 
     72          1           0       11.478676   -1.740783    0.968459 
     73          1           0       11.525603   -3.258127    0.009386 




E(HOMO) = -0.18396 Hartree/Particle 
 
Excited State   1:      Singlet-A      2.8030 eV  442.32 nm  f=0.1994  <S**2>=0.000 
     131 ->132         0.69280 
 This state for optimization and/or second-order correction. 
 Total Energy, E(TD-HF/TD-KS) =  -1537.44351670     
 Copying the excited state density for this state as the 1-particle RhoCI density. 
  
 Excited State   2:      Singlet-A      3.0443 eV  407.26 nm  f=0.0049  <S**2>=0.000 
     129 ->132        -0.12673 
     130 ->132        -0.46041 
     131 ->133         0.48725 
     131 ->134        -0.13395 
  
 Excited State   3:      Singlet-A      3.3979 eV  364.89 nm  f=0.1787  <S**2>=0.000 
     129 ->132         0.35824 
     130 ->132         0.11491 
     131 ->133         0.32327 
     131 ->134         0.48618 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        6.278296   -0.889986   -0.033876 
      2          6           0        7.139039   -1.985004   -0.249378 
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      3          6           0        8.517517   -1.830437   -0.131410 
      4          6           0        9.061503   -0.587751    0.203307 
      5          6           0        8.216643    0.504155    0.420005 
      6          6           0        6.837116    0.360205    0.303461 
      7          6           0        4.866580   -1.034917   -0.153013 
      8          6           0        3.655235   -1.100968   -0.247975 
      9          6           0        2.244955   -1.268173   -0.360459 
     10          6           0        1.753579   -2.582865   -0.554413 
     11          6           0        0.407288   -2.831529   -0.503924 
     12          6           0       -0.536006   -1.786415   -0.344088 
     13          6           0       -0.070254   -0.433229   -0.329793 
     14          6           0        1.343671   -0.193422   -0.231960 
     15          6           0       -1.944233   -2.080554   -0.161993 
     16          6           0       -2.878776   -1.027844   -0.068635 
     17          6           0       -2.441698    0.333779   -0.251168 
     18          6           0       -1.068171    0.629505   -0.431807 
     19          6           0        1.928187    1.129631    0.152176 
     20          6           0       -3.422768    1.384969   -0.275793 
     21          6           0       -3.016177    2.723455   -0.564580 
     22          6           0       -1.646904    2.965638   -0.865661 
     23          6           0       -0.719686    1.967584   -0.800997 
     24          6           0       -2.411696   -3.424062   -0.009249 
     25          6           0       -3.722429   -3.703094    0.242418 
     26          6           0       -4.690858   -2.663157    0.346440 
     27          6           0       -4.266224   -1.310005    0.170576 
     28          6           0       -5.233315   -0.261057    0.237533 
     29          6           0       -4.803985    1.119603   -0.018376 
     30          6           0       -5.705414    2.187525   -0.035547 
     31          6           0       -5.294271    3.497409   -0.308675 
     32          6           0       -3.965829    3.765274   -0.577444 
     33          6           0       -6.044287   -2.947682    0.617743 
     34          6           0       -6.964460   -1.920601    0.711453 
     35          6           0       -6.561278   -0.594066    0.518882 
     36          6           0        1.626139    1.686879    1.404455 
     37          6           0        2.201830    2.891469    1.806696 
     38          6           0        3.088239    3.562974    0.962445 
     39          6           0        3.400516    3.015926   -0.284039 
     40          6           0        2.831957    1.805309   -0.682366 
     41          1           0        6.712985   -2.949417   -0.508736 
     42          1           0        9.170261   -2.682656   -0.300629 
     43          1           0       10.137896   -0.471017    0.295311 
     44          1           0        8.635384    1.472336    0.681545 
     45          1           0        6.175356    1.204516    0.470708 
     46          1           0        2.462683   -3.394128   -0.683231 
     47          1           0        0.071252   -3.856235   -0.600354 
     48          1           0       -1.345874    3.968275   -1.159048 
     49          1           0        0.300782    2.196523   -1.064663 
     50          1           0       -1.712024   -4.248916   -0.057912 
     51          1           0       -4.046950   -4.732180    0.375260 
     52          1           0       -6.757922    2.013345    0.156285 
     53          1           0       -6.028478    4.298390   -0.315006 
     54          1           0       -3.635742    4.776337   -0.802264 
     55          1           0       -6.349393   -3.982287    0.752913 
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     56          1           0       -8.007246   -2.136562    0.927326 
     57          1           0       -7.313615    0.182963    0.590377 
     58          1           0        0.935794    1.168251    2.063592 
     59          1           0        1.957500    3.305157    2.781553 
     60          1           0        3.532627    4.504803    1.273174 
     61          1           0        4.087502    3.531892   -0.950007 
     62          1           0        3.079806    1.383792   -1.652017 
 --------------------------------------------------------------------- 
310c 
E(HOMO) = -0.17973 Hartree/Particle 
 
Excited State   1:      Singlet-A      2.7806 eV  445.89 nm  f=0.2145  <S**2>=0.000 
     147 ->148         0.69390 
 This state for optimization and/or second-order correction. 
 Total Energy, E(TD-HF/TD-KS) =  -1766.49035109     
 Copying the excited state density for this state as the 1-particle RhoCI density. 
  
 Excited State   2:      Singlet-A      3.0045 eV  412.67 nm  f=0.0173  <S**2>=0.000 
     144 ->148         0.10336 
     145 ->148        -0.13220 
     146 ->148         0.52587 
     147 ->149         0.41696 
     147 ->150        -0.10104 
  
 Excited State   3:      Singlet-A      3.2570 eV  380.67 nm  f=0.1676  <S**2>=0.000 
     145 ->148         0.48416 
     146 ->148         0.36987 
     147 ->149        -0.24640 
     147 ->150         0.22185 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        5.400025   -1.477388   -0.151586 
      2          6           0        6.191660   -2.630685   -0.349381 
      3          6           0        7.572459   -2.569807   -0.261670 
      4          6           0        8.211020   -1.353415    0.029473 
      5          6           0        7.443180   -0.198543    0.229841 
      6          6           0        6.054387   -0.266407    0.138105 
      7          6           0        3.981456   -1.533670   -0.239602 
      8          6           0        2.766078   -1.531855   -0.309257 
      9          6           0        1.347404   -1.629946   -0.389232 
     10          6           0        0.789091   -2.925282   -0.524990 
     11          6           0       -0.565961   -3.106567   -0.439312 
     12          6           0       -1.454520   -2.011502   -0.302403 
     13          6           0       -0.924265   -0.682867   -0.350664 
     14          6           0        0.501880   -0.507452   -0.285838 
     15          6           0       -2.871114   -2.230831   -0.085332 
     16          6           0       -3.754765   -1.132898   -0.026061 
     17          6           0       -3.257641    0.197568   -0.272869 
     18          6           0       -1.874169    0.420634   -0.483028 
     19          6           0       -5.150489   -1.340250    0.240580 
     20          6           0       -6.067977   -0.246114    0.271087 
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     21          6           0       -5.578793    1.100982   -0.048092 
     22          6           0       -4.190078    1.291074   -0.331428 
     23          6           0       -3.726969    2.596032   -0.681640 
     24          6           0       -2.352352    2.761242   -1.009363 
     25          6           0       -1.470997    1.724853   -0.913925 
     26          6           0       -3.396847   -3.543238    0.133885 
     27          6           0       -4.715401   -3.750512    0.412404 
     28          6           0       -5.634194   -2.663592    0.479576 
     29          6           0       -6.430647    2.207760   -0.100766 
     30          6           0       -5.963773    3.484674   -0.433482 
     31          6           0       -4.627947    3.679292   -0.727687 
     32          6           0       -6.996018   -2.873630    0.775586 
     33          6           0       -7.867662   -1.802418    0.832064 
     34          6           0       -7.406781   -0.505385    0.578047 
     35          6           0        1.153324    0.801108    0.026168 
     36          6           0        2.086311    1.387598   -0.835962 
     37          6           0        2.719030    2.593689   -0.520942 
     38          6           0        2.431843    3.229350    0.692580 
     39          6           0        1.512625    2.644947    1.576661 
     40          6           0        0.885669    1.452654    1.244326 
     41          8           0        9.571705   -1.402277    0.094884 
     42          8           0        2.985603    4.407744    1.104718 
     43          6           0        3.909855    5.051493    0.243740 
     44          6           0       10.275912   -0.207167    0.394722 
     45          1           0        5.704660   -3.574865   -0.573064 
     46          1           0        8.185439   -3.452779   -0.412928 
     47          1           0        7.913471    0.751274    0.457537 
     48          1           0        5.459735    0.628647    0.293643 
     49          1           0        1.455661   -3.774416   -0.636190 
     50          1           0       -0.952360   -4.116637   -0.491408 
     51          1           0       -2.010052    3.735764   -1.348807 
     52          1           0       -0.444758    1.894011   -1.199043 
     53          1           0       -2.735577   -4.400343    0.115809 
     54          1           0       -5.084542   -4.756610    0.595534 
     55          1           0       -7.487351    2.090469    0.110344 
     56          1           0       -6.660601    4.317834   -0.465515 
     57          1           0       -4.254723    4.663795   -0.998393 
     58          1           0       -7.346306   -3.886288    0.959079 
     59          1           0       -8.916835   -1.960848    1.066255 
     60          1           0       -8.122568    0.307484    0.621498 
     61          1           0        2.317235    0.904997   -1.780843 
     62          1           0        3.423021    3.022204   -1.225459 
     63          1           0        1.307053    3.145488    2.517766 
     64          1           0        0.174137    1.013029    1.937357 
     65          1           0        4.216469    5.962953    0.760337 
     66          1           0        4.793649    4.426343    0.057394 
     67          1           0        3.450065    5.317026   -0.717616 
     68          1           0       11.333513   -0.476737    0.399026 
     69          1           0       10.101789    0.565385   -0.365849 
     70          1           0        9.998208    0.187921    1.380707 
 --------------------------------------------------------------------- 
310e 
E(HOMO) = -0.18314 Hartree/Particle 
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Excited State   1:      Singlet-A      2.8739 eV  431.41 nm  f=0.1951  <S**2>=0.000 
      99 ->100         0.69466 
 This state for optimization and/or second-order correction. 
 Total Energy, E(TD-HF/TD-KS) =  -1153.96288068     
 Copying the excited state density for this state as the 1-particle RhoCI density. 
  
 Excited State   2:      Singlet-A      3.1667 eV  391.53 nm  f=0.0023  <S**2>=0.000 
      98 ->100         0.50036 
      99 ->101        -0.47585 
  
 Excited State   3:      Singlet-A      3.5684 eV  347.45 nm  f=0.0015  <S**2>=0.000 
      97 ->100        -0.39311 
      99 ->101        -0.11774 
      99 ->102         0.55394 
 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -4.054823   -3.078294   -0.239088 
      2          6           0       -2.723782   -2.644176   -0.075991 
      3          6           0       -2.424667   -1.246953   -0.063636 
      4          6           0       -3.490820   -0.303481   -0.181082 
      5          6           0       -4.792190   -0.784521   -0.349756 
      6          6           0       -5.073555   -2.155455   -0.383408 
      7          6           0       -1.061514   -0.815876    0.066716 
      8          6           0       -3.185752    1.130278   -0.090097 
      9          6           0       -1.826141    1.546218    0.064850 
     10          6           0       -0.752039    0.591856    0.088422 
     11          6           0       -1.537298    2.938900    0.201118 
     12          6           0       -2.581299    3.885863    0.160154 
     13          6           0       -3.887702    3.471428   -0.012537 
     14          6           0       -4.183094    2.108011   -0.132245 
     15          1           0       -4.264500   -4.144939   -0.250653 
     16          1           0       -6.099649   -2.487536   -0.515718 
     17          1           0       -2.341167    4.940605    0.268224 
     18          1           0       -4.694387    4.198537   -0.047840 
     19          6           0       -1.655116   -3.573776    0.078815 
     20          6           0       -0.367029   -3.150626    0.226240 
     21          6           0       -0.025300   -1.761690    0.214428 
     22          1           0       -1.884269   -4.636554    0.070519 
     23          1           0        0.411461   -3.897370    0.320180 
     24          6           0        1.356098   -1.322450    0.283403 
     25          6           0        1.683620    0.059271    0.104354 
     26          6           0        0.593361    1.026751    0.164614 
     27          6           0       -0.187254    3.332704    0.416303 
     28          1           0        0.026620    4.380989    0.609942 
     29          6           0        0.826343    2.418632    0.402080 
     30          1           0        1.825637    2.758207    0.627462 
     31          1           0       -5.619344   -0.091779   -0.454789 
     32          1           0       -5.221401    1.820165   -0.250914 
     33          6           0        2.405309   -2.251572    0.484940 
  150 
 
     34          6           0        3.052792    0.419876   -0.130562 
     35          6           0        3.720396   -1.866861    0.426404 
     36          6           0        4.059068   -0.541197    0.065772 
     37          6           0        3.489939    1.755913   -0.698941 
     38          6           0        5.442607   -0.223413   -0.108608 
     39          6           0        6.626723    0.009158   -0.234657 
     40          6           0        8.050080    0.294730   -0.386418 
     41          1           0        4.359297    1.602464   -1.344034 
     42          1           0        2.703058    2.224824   -1.292984 
     43          1           0        3.803944    2.471008    0.072883 
     44          1           0        8.278404    0.656320   -1.396810 
     45          1           0        8.381385    1.064241    0.322154 
     46          1           0        8.656444   -0.601996   -0.210627 
     47          1           0        4.515741   -2.584310    0.601541 




E(HOMO) = -0.19458 Hartree/Particle 
 
Excited State   1:      Singlet-A      2.4100 eV  514.46 nm  f=0.1477  <S**2>=0.000 
     207 ->208         0.69543 
 This state for optimization and/or second-order correction. 
 Total Energy, E(TD-HF/TD-KS) =  -2677.96428919     
 Copying the excited state density for this state as the 1-particle RhoCI density. 
  
 Excited State   2:      Singlet-A      2.7871 eV  444.85 nm  f=0.2612  <S**2>=0.000 
     205 ->208        -0.22461 
     206 ->208         0.63000 
     207 ->209        -0.15865 
  
 Excited State   3:      Singlet-A      2.8996 eV  427.59 nm  f=0.0946  <S**2>=0.000 
     205 ->208         0.64285 
     206 ->208         0.24625 
 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        9.160337   -3.746642    0.570525 
      2          8           0        8.220385   -2.678644    0.785693 
      3          6           0        7.098954   -2.743843    0.045956 
      4          8           0        6.901568   -3.611262   -0.786662 
      5          6           0        6.183011   -1.595304    0.303149 
      6          6           0        6.755773   -0.347236    0.512773 
      7          6           0        5.977384    0.805612    0.539588 
      8          6           0        4.769243   -1.710850    0.189441 
      9          6           0        3.973977   -0.516717    0.167094 
     10          6           0        4.596606    0.757809    0.340224 
     11          6           0        4.082872   -2.973620    0.126873 
     12          6           0        4.721914   -4.270627    0.556161 
     13          8           0        5.266849   -4.377761    1.631354 
     14          8           0        4.535551   -5.367762   -0.213423 
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     15          6           0        4.339293   -5.237851   -1.631523 
     16          6           0        2.727278   -3.009279   -0.067260 
     17          6           0        1.924416   -1.840480   -0.185094 
     18          6           0        2.551429   -0.588940   -0.031318 
     19          6           0        1.757029    0.611103   -0.117464 
     20          6           0        2.391061    1.899870   -0.012223 
     21          6           0        3.787159    1.980187    0.283461 
     22          6           0        4.350120    3.237140    0.510031 
     23          6           0        3.582859    4.397402    0.452905 
     24          6           0        2.234245    4.354674    0.123029 
     25          6           0        1.443779    5.619132    0.335953 
     26          8           0        0.518947    5.663402    1.116547 
     27          8           0        1.882510    6.758477   -0.246022 
     28          6           0        2.621194    6.708162   -1.478864 
     29          6           0        1.625579    3.102248   -0.159899 
     30          6           0        0.262116    2.963481   -0.594078 
     31          6           0       -0.500925    4.114645   -1.160952 
     32          8           0       -0.008405    5.009965   -1.825411 
     33          8           0       -1.817286    4.025933   -0.907327 
     34          6           0       -2.629607    5.085797   -1.440935 
     35          6           0       -0.328212    1.727894   -0.632520 
     36          6           0        0.357484    0.523298   -0.303379 
     37          6           0       -0.325198   -0.768269   -0.283225 
     38          6           0        0.489246   -1.938873   -0.361283 
     39          6           0       -0.132014   -3.191362   -0.586376 
     40          6           0       -1.495972   -3.311764   -0.642212 
     41          6           0       -2.327122   -2.189800   -0.399784 
     42          6           0       -1.752240   -0.917544   -0.205941 
     43          6           0       -2.665049    0.199436    0.178409 
     44          6           0       -2.519383    0.841272    1.414017 
     45          6           0       -3.344181    1.902004    1.790024 
     46          6           0       -4.341877    2.344761    0.914643 
     47          6           0       -4.526739    1.688369   -0.311489 
     48          6           0       -3.702712    0.629271   -0.668175 
     49          8           0       -5.173993    3.400492    1.152776 
     50          6           0       -5.009580    4.122282    2.366378 
     51          6           0       -3.730342   -2.410856   -0.317283 
     52          6           0       -4.918415   -2.668951   -0.254230 
     53          6           0       -6.317588   -2.909449   -0.175952 
     54          6           0       -6.849466   -4.204561   -0.364558 
     55          6           0       -8.213582   -4.429934   -0.290741 
     56          6           0       -9.093689   -3.367855   -0.024611 
     57          6           0       -8.584451   -2.076095    0.166710 
     58          6           0       -7.211092   -1.855942    0.090459 
     59          8           0      -10.414334   -3.695986    0.026778 
     60          6           0      -11.356573   -2.667269    0.292227 
     61          1           0        9.986847   -3.545262    1.252201 
     62          1           0        8.693248   -4.706827    0.801070 
     63          1           0        9.506322   -3.752438   -0.466454 
     64          1           0        7.831859   -0.271825    0.620747 
     65          1           0        4.637276   -6.200563   -2.051376 
     66          1           0        3.289377   -5.047131   -1.874300 
     67          1           0        4.972926   -4.447188   -2.036293 
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     68          1           0        2.247124   -3.979218   -0.047970 
     69          1           0        4.040761    5.349568    0.704052 
     70          1           0        2.491620    7.693685   -1.930314 
     71          1           0        3.685848    6.529503   -1.300228 
     72          1           0        2.210779    5.942930   -2.139392 
     73          1           0       -3.636914    4.882905   -1.077097 
     74          1           0       -2.270465    6.051725   -1.078270 
     75          1           0       -2.602126    5.078670   -2.534158 
     76          1           0       -1.347426    1.674910   -0.977908 
     77          1           0        0.468825   -4.080388   -0.732111 
     78          1           0       -1.958401   -4.277303   -0.819352 
     79          1           0       -1.736853    0.516821    2.094035 
     80          1           0       -3.187958    2.379559    2.750139 
     81          1           0       -5.312146    2.037414   -0.975156 
     82          1           0       -3.847077    0.142321   -1.627836 
     83          1           0       -5.752727    4.921288    2.341171 
     84          1           0       -5.193250    3.485000    3.241165 
     85          1           0       -4.005871    4.559285    2.440749 
     86          1           0       -6.174574   -5.029790   -0.569914 
     87          1           0       -8.628886   -5.422350   -0.434736 
     88          1           0       -9.244088   -1.241295    0.373919 
     89          1           0       -6.816805   -0.855100    0.237921 
     90          1           0      -12.335213   -3.150122    0.284582 
     91          1           0      -11.185680   -2.208445    1.274746 
     92          1           0      -11.329933   -1.887992   -0.480458 
     93          1           0        5.396678    3.334145    0.770690 
     94          1           0        6.482464    1.753062    0.679737 
 --------------------------------------------------------------------- 
310g 
E(HOMO) = -0.20403 Hartree/Particle 
 
Excited State   1:      Singlet-A      2.5874 eV  479.18 nm  f=0.3211  <S**2>=0.000 
     221 -> 222        0.69668 
 This state for optimization and/or second-order correction. 
 Total Energy, E(TD-HF/TD-KS) =  -2904.69320446     
 Copying the excited state density for this state as the 1-particle RhoCI density. 
  
 Excited State   2:      Singlet-A      2.8672 eV  432.42 nm  f=0.1057  <S**2>=0.000 
     220 -> 222        0.60439 
     221 -> 223        0.30399 
     221 -> 224        0.10311 
  
 Excited State   3:      Singlet-A      3.1715 eV  390.94 nm  f=0.8785  <S**2>=0.000 
     219 -> 222        0.16189 
     220 -> 222       -0.32933 
     221 -> 223        0.59258 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        5.844907   -2.623674   -0.235318 
      2          6           0        6.426587   -3.894803   -0.421817 
      3          6           0        7.804531   -4.056016   -0.354849 
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      4          6           0        8.632805   -2.953091   -0.099451 
      5          6           0        8.060598   -1.686229    0.087302 
      6          6           0        6.684802   -1.518527    0.020881 
      7          6           0        4.434797   -2.451751   -0.304573 
      8          6           0        3.234900   -2.256900   -0.361351 
      9          6           0        1.820414   -2.109908   -0.430156 
     10          6           0        1.041931   -3.280921   -0.605712 
     11          6           0       -0.325278   -3.219818   -0.535555 
     12          6           0       -0.999524   -1.987367   -0.356320 
     13          6           0       -0.243915   -0.776270   -0.340336 
     14          6           0        1.188521   -0.859599   -0.285217 
     15          6           0       -2.435909   -1.950971   -0.171744 
     16          6           0       -3.124936   -0.725298   -0.086051 
     17          6           0       -2.388028    0.507202   -0.211562 
     18          6           0       -0.985358    0.480823   -0.394161 
     19          6           0       -4.554817   -0.715293    0.070119 
     20          6           0       -5.246114    0.533046    0.140490 
     21          6           0       -4.490917    1.789565    0.090687 
     22          6           0       -3.081688    1.767034   -0.146481 
     23          6           0       -2.365547    2.999776   -0.288984 
     24          6           0       -1.002774    2.916582   -0.740516 
     25          6           0       -0.360184    1.707040   -0.762027 
     26          6           0       -3.171295   -3.146964    0.045482 
     27          6           0       -4.527490   -3.165283    0.237384 
     28          6           0       -5.290210   -1.947944    0.129577 
     29          6           0       -5.119743    3.024046    0.261961 
     30          6           0       -4.400157    4.215210    0.239158 
     31          6           0       -3.033663    4.224138   -0.010821 
     32          6           0       -6.711741   -1.896022    0.086076 
     33          6           0       -7.356065   -0.668902    0.180653 
     34          6           0       -6.639319    0.521615    0.233456 
     35          6           0        2.062871    0.309467    0.035256 
     36          6           0        3.022083    0.774380   -0.879728 
     37          6           0        3.807640    1.881062   -0.578360 
     38          6           0        3.674311    2.527343    0.657841 
     39          6           0        2.755274    2.039516    1.595427 
     40          6           0        1.954515    0.945679    1.281569 
     41          6           0       10.115151   -3.067599   -0.015009 
     42          6           0        4.491799    3.747274    0.899773 
     43          8           0        4.446998    4.156569    2.186051 
     44          6           0        5.186005    5.353022    2.477355 
     45          8           0       10.548031   -4.334846   -0.212881 
     46          6           0       11.970897   -4.512243   -0.143236 
     47          8           0       10.865846   -2.137268    0.206527 
     48          8           0        5.127155    4.328765    0.038560 
     49          6           0       -0.312419    4.079317   -1.385466 
     50          6           0       -2.290935    5.503244    0.205711 
     51          6           0       -5.059364   -4.479693    0.719674 
     52          6           0       -7.618659   -3.051637   -0.195243 
     53          8           0       -6.048597   -4.322376    1.628252 
     54          6           0       -6.551144   -5.533264    2.216157 
     55          8           0       -7.058542   -3.942513   -1.046818 
     56          6           0       -7.903395   -5.033029   -1.448176 
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     57          8           0        1.017945    4.048793   -1.180867 
     58          6           0        1.766881    5.106109   -1.805394 
     59          8           0       -3.020131    6.576550   -0.162694 
     60          6           0       -2.386118    7.847118    0.053798 
     61          8           0       -0.868361    4.913932   -2.072782 
     62          8           0       -4.589022   -5.561009    0.430261 
     63          8           0       -8.766704   -3.133844    0.190644 
     64          8           0       -1.195667    5.586580    0.726250 
     65          1           0        5.784368   -4.747388   -0.618826 
     66          1           0        8.246471   -5.035344   -0.499014 
     67          1           0        8.716067   -0.844272    0.283720 
     68          1           0        6.240452   -0.538692    0.163905 
     69          1           0        1.547149   -4.230342   -0.748913 
     70          1           0       -0.890603   -4.137722   -0.638106 
     71          1           0        0.651542    1.693620   -1.131992 
     72          1           0       -2.658033   -4.094462    0.140834 
     73          1           0       -6.182674    3.077736    0.461671 
     74          1           0       -4.905694    5.152752    0.440756 
     75          1           0       -8.440785   -0.655380    0.177019 
     76          1           0       -7.196983    1.448098    0.288762 
     77          1           0        3.125538    0.282834   -1.842253 
     78          1           0        4.523144    2.268545   -1.296428 
     79          1           0        2.655915    2.531280    2.556429 
     80          1           0        1.226495    0.585469    2.002408 
     81          1           0        4.806216    6.191667    1.887730 
     82          1           0        5.038447    5.534417    3.542254 
     83          1           0        6.246688    5.212620    2.253370 
     84          1           0       12.345855   -4.225485    0.842917 
     85          1           0       12.142136   -5.573603   -0.325579 
     86          1           0       12.471371   -3.905266   -0.902391 
     87          1           0       -7.395337   -5.226343    2.833323 
     88          1           0       -5.777055   -6.006923    2.826207 
     89          1           0       -6.871389   -6.235453    1.442824 
     90          1           0       -7.270363   -5.682031   -2.053084 
     91          1           0       -8.286414   -5.569295   -0.576609 
     92          1           0       -8.748421   -4.660688   -2.033756 
     93          1           0        2.802015    4.948638   -1.501692 
     94          1           0        1.668211    5.056219   -2.893338 
     95          1           0        1.403301    6.076097   -1.457517 
     96          1           0       -1.461374    7.907935   -0.525206 
     97          1           0       -3.103916    8.592529   -0.289769 
     98          1           0       -2.157045    7.990014    1.113281 
 --------------------------------------------------------------------- 
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Photochemical: Norbornene (0.58 mmol, 54.5 mg) was added to a CDCl3 solution (0.6 mL) of 
the tetrayne 312a (0.029 mmol, 15 mg) in a quartz tube. The reaction mixture was kept at ambient 
temperature and irradiated with the 300 nm Rayonet lamps for 7 h. The solvent was removed 
under reduced pressure, and the residue was subjected to MPLC (hexanes:EtOAc = 2:1) to yield 
313a as a yellow powder (15.2 mg, 0.025 mmol, 84%, corrected for solvent impurity observed in 
the initial NMR sample). A larger scale reaction using 312a (524 mg, 1 mmol) and norbornene 
(942 mg, 10 mmol) was performed under the same conditions (15 h), and 313a was obtained 
(461mg, 0.75 mmol, 75%). 
Thermal: The tetrayne 312a (0.029 mmol, 15 mg) and norbornene (0.58 mmol, 54.5 mg) in a 
CDCl3 solution (0.6 mL) were placed in a capped vial that was heated in an oil bath held at 80 °C 
for 12 h. Concentration of the solution and purification of the resulting crude product as above 
provided 313a (12.2 mg, 0.02 mmol, 69%). 
1H NMR (CDCl3, 500 MHz) δ 8.11 (nfod, J = 8.6 Hz, 2H, Hm’), 7.96 (nfod, J = 8.6 Hz, 2H, Hm), 
7.71 (nfod, J = 8.6 Hz, 2H, Ho’), 7.37 (nfod, J = 8.6 Hz, 2H, Ho), 3.95 (s, 3H, ArCO2Me), 3.91 (s, 
3H, ArCO2Me), 3.81 (d, J = 17.1 Hz, 1H, CHaHb), 3.80 (s, 3H, ArCO2Me), 3.79 (s, 3H, 
ArCO2Me), 3.78 (d, J = 17.1 Hz, 1H, CHaHb), 3.58 (d, J = 16.8 Hz, 1H, CHa'Hb'), 3.53 (d, J = 
17.0 Hz, 1H, CHa'Hb'), 3.25 (d, J = 3.9 Hz, 1H, ArCHaCHbAr), 3.18 (d, J = 3.8 Hz, 1H, 
ArCHaCHbAr), 2.32 (br d, J = 4.0 Hz, 1H, bridgehead methine-a), 2.10 (d, J = 3.8 Hz, 1H, 
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13C NMR (125 MHz, CDCl3) δ 172.06, 172.05, 167.1, 166.5, 144.3, 144.0, 142.9, 141.8, 135.2, 
133.5, 131.1, 129.5, 129.32, 129.29, 129.20, 128.9, 128.1, 115.7, 95.1, 90.6, 59.9, 53.1 (2x), 
52.21, 52.15, 50.7, 49.1, 41.1, 38.3, 36.6, 35.9, 32.1, 27.8, and 27.5. 
IR (neat) 2954, 2875, 2843, 2203, 1720, 1610, 1438, 1275, 1199, 1176, 1109, 1016, 967, and 859 
cm-1. 
HRMS (ESI-TOF): Calcd for (C38H34O8Na)+ 641.2146; found: 641.2145. 





Photochemical: Ethyl 2-diazoacetate (0.031 mmol, 3.6 mg) was added to a CDCl3 solution (0.6 
mL) of the tetrayne 312a (0.029 mmol, 15 mg) in a quartz tube. The reaction mixture was kept at 
ambient temperature and irradiated with the 300 nm Rayonet lamps for 12 h. The solvent was 
removed under reduced pressure, and the residue was purified by precipitation from CH2Cl2 by 
the addition of MeOH to yield 313b as a white powder (10.2 mg, 0.016 mmol, 51%). 
Thermal: The tetrayne 312a (0.029 mmol, 15 mg) and ethyl 2-diazoacetate (0.031 mmol, 3.6 mg) 
in a CDCl3 solution (0.6 mL) was contained in a capped vial that was heated in an oil bath held at 
80 °C for 14 h. Concentration of the solution and purification of the resulting crude product as 
above provided 313b (10.6 mg, 0.017 mmol, 53%). 
1H NMR (CDCl3, 500 MHz) δ 8.22 (nfod, J = 8.5 Hz, 2H, Hm’), 7.97 (nfod, J = 8.5 Hz, 2H, Hm), 
7.74 (nfod, J = 8.5 Hz, 2H, Ho’), 7.37 (nfod, J = 8.5 Hz, 2H, Ho), 4.52 (q, J = 7.1 Hz, 2H, 
CO2CH2CH3), 4.30 (s, 2H, H1 or H3), 3.98 (s, 3H, ArCO2Me), 3.93 (s, 2H, H1 or H3), 3.92 (s, 
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13C NMR (125 MHz, CDCl3) δ 172.2, 166.6, 166.4, 162.1, 139.7, 137.9, 132.4, 131.4, 130.4, 
130.2, 129.9, 129.7, 129.6, 127.2, 119.3, 117.0, 96.3, 88.9, 61.5, 59.1, 53.2, 52.4, 52.3, 42.6, 41.2, 
and 14.4. (two aromatic carbon atoms were not observed) 
IR (neat) 2988, 2957, 2849, 2206, 1723, 1610, 1441, 1278, 1199, 1164, 1112, 1059, 1019, 964, 
926, and 859 cm-1. 
HRMS (ESI-TOF): Calcd for (C35H30N2O10Na)+ 661.1793; found: 661.1790. 




Photochemical: Anthracene (0.048 mmol, 8.5 mg) was added to a CDCl3 solution (1.1 mL) of 
the tetrayne 312a (0.029 mmol, 15 mg) in a quartz tube. The reaction mixture was kept at ambient 
temperature and irradiated with the 300 nm Rayonet lamps for 9 h. The solvent was removed 
under reduced pressure, and the residue was subjected to MPLC (hexanes:EtOAc = 2:1) to yield 
313c as a yellow powder (14.3 mg, 0.019 mmol, 66%, corrected for solvent impurity observed in 
the initial NMR sample). 
Thermal: The tetrayne 312a (0.029 mmol, 15 mg) and anthracene (0.048 mmol, 8.5 mg) in a 
CDCl3 solution (0.6 mL) were combined and sealed inside a capped vial that was heated in an oil 
bath held at 80 °C for 12 h. Concentration of the solution and purification of the resulting crude 
product as above provided 313c (18.3 mg, 0.025 mmol, 85%). 
1H NMR (CDCl3, 500 MHz) δ 8.25 (nfod, J = 8.5 Hz, 2H, Hm’), 7.89 (nfod, J = 8.6 Hz, 2H, Hm), 
7.49 (nfod, J = 8.5 Hz, 2H, Ho’), 7.42-7.40 (m, 2H, Hb), 7.21-7.19 (m, 2H, Ha), 7.18 (nfod, J = 
8.6 Hz, 2H, Ho), 7.05-6.97 (m, 4H, Hb and Hc), 5.49 (s, 1H), 5.31 (s, 1H), 4.03 (s, 3H), 3.90 (s, 
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13C NMR (125 MHz, CDCl3) δ 171.9, 167.2, 166.6, 144.8, 144.4, 143.5, 142.9, 141.7, 140.5, 
137.6, 134.0, 131.2, 130.5, 129.42, 129.39, 129.38, 129.3, 127.9, 125.6, 125.5, 123.9, 123.7, 
114.5, 94.8, 90.0, 59.5, 53.3 (2x), 52.3, 52.2, 51.4, 51.2, 41.0, and 39.1. 
IR (neat) 2954, 2843, 2206, 1726, 1609, 1464, 1435, 1406, 1278, 1199, 1179, 1109, 1074, 1021, 
966, and 859 cm-1. 
HRMS (ESI-TOF): Calcd for (C45H34O8Na)+ 725.2146; found: 725.2139. 




Photochemical: Furan (109 mg, 1.61 mmol) was added to a CDCl3 solution (0.6 mL) of the 
tetrayne 312b (15 mg, 0.032 mmol) in a quartz NMR tube. The reaction mixture was kept at 
ambient temperature and irradiated with the 300 nm Rayonet lamps for 24 h. The solvent was 
removed under reduced pressure, and the residue was subjected to MPLC (hexanes:EtOAc = 1:1) 
to yield 313d as a yellow powder (14.4 mg, 0.027 mmol, 85%). (2:1 dr ratio) 
To demonstrate the efficiency of the benzyne trapping, a similar experiment was repeated with a 
lesser amount of furan. The tetrayne 312b (25mg, 0.054 mmol), furan (7.3 uL, 0.1 mmol), and 
CDCl3 (1 mL) were used. p-Nitrotoluene (14 mg) was added as an internal standard and an initial 
1H NMR spectrum showed the ratio of p-nitrotoluene to tetrayne 312b to be 1:0.56. After 15 h the 
1H NMR spectrum was taken of the reaction solution. The ratio between p-nitrotoluene and 
product 313d was determined to be 1:0.50; the NMR yield for formation of 313d was 89%. 
Thermal: Tetrayne 312b (30 mg, 0.064 mmol) and furan (218 mg, 3.22 mmol) in a CDCl3 
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Concentration of the solution and purification of the resulting crude product as above provided 
313d (87%). The dr was, again, 2:1. 
1H NMR (CDCl3, 500 MHz) δ 8.17 (nfod, J = 8.6 Hz, 2H, Hm’), 7.94 (nfod, J = 8.6 Hz, 2H, Hm), 
7.52 (br d, J = 8.1 Hz, 2H, Ho’), 7.29 (nfod, J = 8.6 Hz, 2H, Ho), 7.119 (dd, J = 5.5, 1.8 Hz, 
0.33H, H7), 7.117 (dd, J = 5.5, 1.8 Hz, 0.67H, H7), 7.09 (dd, J = 5.5, 1.8 Hz, 0.33H, H8), 7.07 
(dd, J = 5.5, 1.9 Hz, 0.67H, H8), 5.79 (dd, J = 1.8, 0.8 Hz, 0.67H, H9), 5.78 (dd, J = 1.7, 0.8 Hz, 
0.33H, H9), 5.62 (tt, J = 6.5, 3.0 Hz, 0.33H, CHOAc), 5.60 (tt, J = 6.3, 2.7 Hz, 0.67H, CHOAc), 
5.57 (dd, J = 1.7, 0.8 Hz, 1H, H6), 3.98 (s, 3H, COOCH3), 3.91 (s, 3H, COOCH3), 3.49 (dd, J = 
17.9, 6.6 Hz, 0.33H, one of H3 or H1), 3.46 (dd, J = 17.8, 6.6 Hz, 0.33H, one of H3 or H1), 3.42 
(dd, J = 18.0, 6.3 Hz, 0.67H, one of H3 or H1), 3.30 (dd, J = 17.0, 6.3 Hz, 0.67H, one of H3 or 
H1), 3.25 (dd, J = 17.9, 2.5 Hz, 0.67H, one of H3 or H1), 3.21 (dd, J = 18.0, 3.0 Hz, 0.33H, one 
of H3 or H1), 3.16 (dd, J = 16.8, 2.5 Hz, 0.67H, one of H3 or H1), 3.03 (dd, J = 17.0, 3.0 Hz, 
0.33H, one of H3 or H1), 2.07 (s, 2H, O(C=O)CH3), and 2.06 (s, 1H, O(C=O)CH3). 
13C NMR (125 MHz, CDCl3, chemical shifts of what were judged to be resonances from the 
minor diastereomer are given in parenthesis) δ 171.2, (171.1), 167.0, 166.6, (147.32), 147.26, 
145.3, 143.6, 143.5, 143.24 (143.19), 142.7, (142.6), 142.5, (134.3), 134.2, 132.6 (132.5), 131.3, 
129.8, 129.63. 129.59, 129.52, 127.9, 114.31, (114.29), (94.92), 94.87, 90.2, (90.1), (82.04), 
82.01, 81.44, (81.41), 74.9, (74.8), 52.41, 52.38, 40.0, 37.95, (37.89), 21.45, and (21.43). 
IR (neat) 3049, 2846, 2203, 1719, 1605, 1560, 1434, 1405, 1373, 1275, 1243, 1191, 1107, 1019, 
973, 904, 870, and 858 cm-1. 
HRMS (ESI-TOF): Calcd for (C33H26O7Na)+ 557.1571; found: 557.1567. 
mp: 169–193 ºC. (for the mixture of diastereoisomers) 
The DFT calculation of benzyne (leading to 313a-c) was performed using Gaussian 09. The 
structure was initially optimized at the M06-2X/6-31+G(d,p) level of theory using chloroform 
SMD solvation model. The nature of the optimized structure was verified by frequency 
calculation (298K, at the same level of theory). Listed on the following pages are the electronic 
energy value at SMD(chloroform)/M062X/6-31+G(d,p), the sum of the electronic and thermal 
free energies, and the Cartesian coordinates. 
Zero-point correction = 0.487581 (Hartree/Particle) 
Sum of electronic and zero-point Energies = -1796.338752 
Sum of electronic and thermal Free Energies = -1796.411967 
---------------------------------------------------------------------------------------------------------- 
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 Center          Atomic       Atomic        Coordinates (Angstroms) 
 Number        Number      Type                X                          Y                          Z 
--------------------------------------------------------------------------------------------------------- 
1   6 0  -2.531844  -3.575489 -0.332628 
2   6  0  -1.299325  -3.727575 -0.238594 
3   6 0  -0.299984  -2.766054  -0.256814 
4   6 0  -0.899825  -1.464846  -0.343974 
5   6 0  -2.303251  -1.301096  -0.426384  
6   6  0  -3.209874  -2.375672  -0.419464  
7   6  0  -4.634461  -1.918026  -0.534960  
8   6  0  -4.521037  -0.401709  -0.218216 
9   6  0  -3.058979  -0.001700  -0.553517  
10   6  0  -5.542387  0.395587 -1.017347  
11   6  0  -4.776353  -0.158225 1.270029 
12   8  0  -4.803351  1.149280  1.535006 
13   8  0  -4.910100  -1.019891  2.106257 
14   6  0  -5.003700  1.510179  2.910137  
15   8  0  -5.293936  1.096910  -1.969595  
16   8  0  -6.772262 0.177964  -0.548997  
17   6  0  -7.839590  0.854996  -1.231016 
18   6 0  -0.100338  -0.279239  -0.289211 
19   6 0  0.538667  0.750032  -0.218311 
20   6  0  1.331006  1.939823  -0.141144 
21   6  0  0.750531  3.196585  -0.377365 
22   6  0  1.525087  4.346776  -0.298810 
23   6  0  2.884374  4.252671  0.016050 
24   6  0  3.465992  3.003824  0.252690 
25   6  0  2.696922  1.851146  0.176259 
26   6  0  3.755525  5.459505  0.109192 
27   8  0  3.094962  6.595364  -0.133844 
28   8 0  4.938921  5.423289  0.376161 
29   6  0  3.874233  7.796840  -0.070479 
30   6  0  1.148920  -3.038016  -0.151595 
31   6  0  2.093923  -2.322215  -0.898363  
32   6  0  3.448644  -2.615062  -0.785023 
33   6  0  3.875015  -3.627510  0.078546 
34   6  0  2.937085  -4.357123  0.813973 
35   6  0  1.584558  -4.068125  0.694165 
36   6  0  5.317758  -3.964083  0.247271 
37   8  0  5.732139  -4.824768  0.995979 
38   8  0  6.117451  -3.210337  -0.513614 
39   6  0  7.522382  -3.464132  -0.388260 
40   1  0  -5.307855  -2.424868  0.158536 
41   1  0  -5.003363  -2.074111  -1.555955 
42   1  0  -2.684010  0.783673  0.108235 
43   1  0  -3.009782  0.378525  -1.580343 
44   1  0  -5.010848  2.598677  2.928708 
45   1  0  -5.956414  1.114538  3.267957 
46   1  0  -4.186866  1.122302  3.522383 
47   1  0  -8.748124  0.576076  -0.700308 
48   1 0  -7.685469  1.935198  -1.187880 
49   1  0  -7.887441  0.528061  -2.271623 
50   1  0  -0.304929  3.260740  -0.622287 
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51   1  0  1.076831  5.317604  -0.480000 
52   1  0  4.521606  2.948639  0.498798 
53   1  0  3.141070  0.878732  0.364287 
54   1  0  3.179695  8.607889 -0.283199 
55   1  0  4.306727  7.915419  0.925111 
56   1  0  4.670504  7.769910  -0.817767 
57  1  0  1.769201  -1.548462  -1.585841 
58   1  0  4.173947  -2.061201  -1.371400 
59   1 0  3.278621  -5.145730  1.476969 
60   1  0  0.854118  -4.631943  1.268034  
61   1  0  8.005491  -2.778393  -1.082452  
62   1  0  7.851546  -3.267033  0.634429  
63   1  0  7.747106  -4.499145  -0.654226 
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Supplementary Information for Chapter 4 
Experimental and Computational Data for Section 4.1 
A. General procedure for the Cadiot–Chodkiewicz alkyne/alkyne cross-coupling reaction  
 
CuCl (0.10 equiv relative to the terminal alkyne substrate) was dissolved in a 30:70 (v:v) mixture 
of nBuNH2:H2O (5.0 mL/mmol relative to the terminal alkyne substrate). An excess of 
NH2OH•HCl (ca. 10 mg per mmol of the terminal alkyne substrate) was added with stirring. The 
color of this solution changed from deep blue to colorless immediately, indicating full conversion 
of any Cu(II) to Cu(I). The headspace of the reaction vessel was flushed with N2. The flask was 
closed with a septum, a balloon of nitrogen gas was attached, and the flask was cooled in an ice 
water bath. The terminal alkyne (1.0 equiv) in CH2Cl2 (ca. 2.5 mL/mmol) was injected into the 
flask, resulting in a yellow, orange, or red suspension, indicative of formation of an alkynyl 
copper species. After ca. 5 min, a solution of the 1-bromoalkyne (1.2–1.5 equiv) in CH2Cl2 (ca. 
2.5 mL/mmol) was injected dropwise over ca. 15 min using a syringe pump. This reaction 
mixture was stirred at the indicated temperature (0 ºC or rt). The suspension of the alkynyl copper 
would typically turn to a clear, two layer mixture over the course of 10–100 min, indicating 
consumption of the alkynyl copper species. The reaction mixture was quenched by the addition of 
satd. aq. NH4Cl and then extracted with CH2Cl2. The combined extracts were dried, filtered, and 
concentrated. The residue was purified by flash chromatography on silica gel.  
B. General procedure for esterification of propargylic alcohols with propiolic acids using 
DCC. 
 
The propargylic alcohol (1.0 equiv), 4-dimethylaminopyridine (DMAP, 10 mol%), and propiolic 
acid (1.5 equiv) were dissolved in anhydrous DCM (10 mL/mmol with respect to the propargyl 
alcohol) and stirred at 0 ºC. N,N'-Dicyclohexylcarbodiimide (DCC*, 1.1–1.2 equiv) was added to 
the solution, after which the headspace of the reaction flask was purged with N2. The resulted 
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brown suspension was warmed to room temperature and stirred for, typically, 16 h. The crude 
reaction mixture was filtered by passing through a short silica plug, concentrated, and purified by 
flash chromatography or MPLC. 
*CAUTION: DCC is an irritant and can induce sensitization. Avoid any direct contact with the 
skin and inhalation. 
C. General procedure for the HDDA-dimerization reaction  
The polyyne precursor(s) was added to an oven-dried, threaded glass vial. Chloroform (the source 
was amylene-stabilized rather than ethanol-stabilized, because ethanol is known to react with 
HDDA-benzynes) was added to arrive at a polyyne concentration of 0.050 M. The headspace of 
the vial was purged with a gentle flow of N2 gas, and the vial was sealed with a Teflon-lined cap. 
The reaction solution was stirred in a heated oil bath held at the indicated temperature. After the 
poly-yne had been consumed (TLC), the vial was cooled to room temperature. The solution was 
concentrated in vacuo, and the residue was directly subjected to MPLC for purification, using the 
indicated elution solvent. 
• Experimental details and characterization data for each of the poly-yne substrates 
________________________________________________________________________ 
6,6-Dimethylhepta-2,4-diyn-1-yl propiolate (7) 
 
Following general procedure B, 6,6-dimethylhepta-2,4-diyn-1-ol133 (0.14 g, 1.0 mmol), propiolic 
acid (93 m L, 1.5 mmol), DMAP (12 mg, 0.10 mmol), DCC (0.25 g, 1.2 mmol), and DCM (10 mL) 
were used to prepare triyne 7. Purification of the crude material by flash chromatography 
(hexanes:EtOAc 20:1) provided triyne 7 (0.15 g, 0.78 mmol, 78%) as a pale yellow oil. 
1H NMR (500 MHz, CDCl3): δ 4.83 (s, 2H, CH2O), 2.94 (s, 1H, ºCH), and 1.25 [s, 9H, C(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 151.9, 90.3, 76.1, 74.0, 72.7, 69.0, 63.0, 54.2, 30.4, and 28.2. 
                                                
133 Bowling, N. P.; Burrmann, N. J.; Halter, R. J.; Hodges, J. A.; McMahon, R. J. Synthesis of Simple 
Diynals, Diynones, Their Hydrazones, and Diazo Compounds: Precursors to a Family of Dialkynyl 
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IR (neat): 3288, 2973, 2932, 2869, 2124, 1722, 1366, 1289, 1178, 968, 840, and 780 cm-1.  




Following general procedure A, tert-butyldimethyl((2-methylbut-3-yn-2-yl)oxy)silane134 (0.79 g, 
4 mmol), 3-bromoprop-2-yn-1-ol (0.68 g, 5 mmol), CuCl (40 mg, 0.4 mmol), n-butylamine/H2O 
(v:v, 30:70, 20 mL), and DCM (20 mL) were used to prepare diyne S1. Purification of the crude 
material by flash chromatography (hexanes:EtOAc 6:1) provided diyne S1 (0.86 g, 3.4 mmol, 
86%) as a pale yellow oil. 
1H NMR (500 MHz, CDCl3): δ 4.35 (s, 2H, CH2OH), 1.75 (br s, 1H, CH2OH), 1.47 [s, 6H, 
C(CH3)2], 0.86 [s, 9H, SiC(CH3)3], and 0.17 [s, 6H, Si(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 84.9, 77.4, 70.2, 67.0, 66.7, 51.7, 32.7, 25.8, 18.0, and -3.0. 
IR (neat): 3320, 2984, 2956, 2930, 2857, 2156, 1462, 1360, 1254, 1167, 1150, 1037, 838, and 
776 cm-1.  
HRMS (ESI-TOF): Calcd for C14H24NaO2Si+ [M+Na+] requires 275.1438; found 275.1437. 
______________________________________________________________________________ 
6-((tert-Butyldimethylsilyl)oxy)-6-methylhepta-2,4-diyn-1-yl propiolate (S2) 
 
Following general procedure B, propargyl alcohol S1 (0.38 g, 1.5 mmol), propiolic acid (0.14 mL, 
2.2 mmol), DMAP (18 mg, 0.15 mmol), DCC (0.34 g, 1.6 mmol), and DCM (15 mL) were used 
                                                
134 Shepard, M. S.; Carreira, E. M. Enantioselective Allene/Enone Photocycloadditions: The Use of An 






















  165 
 
to prepare triyne S2. Purification of the crude material by flash chromatography (hexanes:EtOAc 
20:1) provided triyne S2 (0.38 g, 1.2 mmol, 83%) as a pale yellow oil. 
1H NMR (500 MHz, CDCl3): δ 4.86 (s, 2H, CH2O), 2.96 (s, 1H, ºCH), 1.47 [s, 6H, C(CH3)2], 
0.86 [s, 9H, SiC(CH3)3], and 0.16 [s, 6H, Si(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 151.8, 85.7, 76.2, 73.9, 72.0, 71.5, 66.73, 66.71, 54.1, 32.6, 25.8, 
18.0, and -2.9. 
IR (neat): 3291, 2984, 2955, 2931, 2857, 2124, 1725, 1361, 1252, 1156, 1039, 971, 838, and 777 
cm-1.  




Following general procedure A, (but-3-yn-2-yloxy)(tert-butyl)dimethylsilane135 (0.55 g, 3 mmol), 
3-bromoprop-2-yn-1-ol (0.61 g, 4.5 mmol), CuCl (30 mg, 0.3 mmol), n-butylamine/H2O (v:v, 
30:70, 15 mL), and DCM (15 mL) were used to prepare diyne S3. Purification of the crude 
material by flash chromatography (hexanes:EtOAc 6:1) provided diyne S3 (0.55 g, 2.3 mmol, 
77%) as a pale yellow oil. 
1H NMR (500 MHz, CDCl3): δ 4.57 [q, J = 6.6 Hz, 1H, CH(CH3)], 4.34 (s, 2H, CH2OH), 1.75 
(br s, 1H, CH2OH), 1.42 [d, J = 6.6 Hz, 3H, HC(CH3)], 0.90 [s, 9H, SiC(CH3)3], 0.13 [s, 3H, 
Si(CH3)a], and 0.11 [s, 3H, Si(CH3)b]. 
13C NMR (126 MHz, CDCl3): δ 82.2, 77.1, 70.2, 67.5, 59.4, 51.6, 25.9, 25.1, 18.3, -4.5, and -4.9. 
IR (neat): 3341, 2983, 2955, 2931, 2858, 2160, 1471, 1338, 1253, 1101, 1050, 1019, 966, 837, 
and 778 cm-1.  
HRMS (ESI-TOF): Calcd for C13H22NaO2Si+ [M+Na+] requires 261.1281; found 261.1275. 
                                                
135 Andrade, L. H.; Barcellos, T. Lipase-Catalyzed Highly Enantioselective Kinetic Resolution of Boron-
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______________________________________________________________________________ 
6-((tert-Butyldimethylsilyl)oxy)hepta-2,4-diyn-1-yl propiolate (S4) 
 
Following general procedure B, propargyl alcohol S3 (0.47 g, 2.0 mmol), propiolic acid (0.19 mL, 
3.0 mmol), DMAP (24 mg, 0.20 mmol), DCC (0.49 g, 2.4 mmol), and DCM (20 mL) were used 
to prepare triyne S4. Purification of the crude material by flash chromatography (hexanes:EtOAc 
20:1) provided triyne S4 (0.38 g, 1.3 mmol, 66%) as a pale yellow oil. 
1H NMR (500 MHz, CDCl3): δ 4.85 (s, 2H, CH2O), 4.56 [q, J = 6.6 Hz, 1H, CH(CH3)], 2.96 (s, 
1H, ºCH), 1.43 [d, J = 6.6 Hz, 3H, HC(CH3)], 0.90 [s, 9H, SiC(CH3)3], 0.13 [s, 3H, Si(CH3)a], 
and 0.11 [s, 3H, Si(CH3)b]. 
13C NMR (126 MHz, CDCl3): δ 151.8, 83.1, 76.2, 73.9, 72.0, 71.2, 67.1, 59.4, 54.1, 25.9, 25.0, 
18.3, -4.5, and -4.9. 
IR (neat): 3289, 2954, 2931, 2858, 2124, 1725, 1471, 1368, 1252, 1102, 1051, 975, 836, and 779 
cm-1.  
HRMS (ESI-TOF): Calcd for C16H22NaO3Si+ [M+Na+] requires 313.1230; found 313.1235. 
______________________________________________________________________________ 
5-Cyclopropylpenta-2,4-diyn-1-yl propiolate (S5) 
 
Following general procedure B, 5-cyclopropylpenta-2,4-diyn-1-ol136 (0.12 g, 1.0 mmol), propiolic 
acid (93 uL, 1.5 mmol), DMAP (12 mg, 0.10 mmol), DCC (0.25 g, 1.2 mmol), and DCM (10 mL) 
                                                
136 Trost, B. M.; Gunzner, J. L.; Dirat, O.; Rhee, Y. H. J. Am. Chem. Soc. 2002, 124, 10396–10451. 
Callipeltoside A: Total Synthesis, Assignment of the Absolute and Relative Configuration, and Evaluation 
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were used to prepare triyne S5. Purification of the crude material by flash chromatography 
(hexanes:EtOAc 20:1) provided triyne S5 (97 mg, 0.56 mmol, 56%) as a light brown oil. 
1H NMR (500 MHz, CDCl3): δ 4.82 (s, 2H, CH2O), 2.94 (s, 1H, ºCH), 1.36–1.30 (nfom, 1H, 
ºCCH), 0.88–0.83 (nfom, 2H, CHaCHa), and 0.82–0.78 (nfom, 2H, CHbCHb). 
13C NMR (126 MHz, CDCl3): δ 151.9, 86.0, 76.1, 74.0, 73.1, 67.2, 59.6, 54.3, 9.1, and 0.2. 
IR (neat): 3281, 3016, 2945, 2122, 1720, 1429, 1377, 1356, 1090, 1031, 970, 938, and 829 cm-1.  
HRMS (ESI-TOF): Calcd for C11H8NaO2+ [M+Na+] requires 195.0417; found 195.0413 
______________________________________________________________________________ 
6,6-Dimethylhepta-2,4-diyn-1-yl 3-(trimethylsilyl)propiolate (S6) 
 
Following general procedure B, 6,6-dimethylhepta-2,4-diyn-1-ol133 (0.14 g, 1.0 mmol), 3-
(trimethylsilyl)propiolic acid (0.21 g, 1.5 mmol), DMAP (12 mg, 0.10 mmol), DCC (0.25 g, 1.2 
mmol), and DCM (10 mL) were used to prepare triyne S6. Purification of the crude material by 
MPLC (hexanes:EtOAc 50:1) provided triyne S6 (0.13 g, 0.50 mmol, 50%) as a white solid. 
1H NMR (500 MHz, CDCl3): δ 4.80 (s, 2H, CH2O), 1.24 [s, 9H, C(CH3)3], and 0.25 [s, 9H, 
Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 152.0, 95.8, 93.7, 90.1, 72.4, 69.3, 63.0, 53.8, 30.4, 28.1, and -0.8. 
IR (neat): 2970, 2933, 2869, 2174, 2118, 1719, 1365, 1253, 1179, 847, and 782 cm-1.  
HRMS (ESI-TOF): Calcd for C15H20NaO2Si+ [M+Na+] requires 283.1125; found 283.1134.  
Mp: 31–33 ºC. 
______________________________________________________________________________ 
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Following general procedure B, 5-phenylpenta-2,4-diyn-1-ol133 (0.16 g, 1.0 mmol), 3-
(trimethylsilyl)propiolic acid (0.21 g, 1.5 mmol), DMAP (12 mg, 0.10 mmol), DCC (0.25 g, 1.2 
mmol), and DCM (10 mL) were used to prepare triyne S7. Purification of the crude material by 
MPLC (hexanes:EtOAc 50:1) provided triyne S7 (0.15 g, 0.53 mmol, 53%) as a pale yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.49 (nfod, J = 7.0 Hz, 2H, PhHo), 7.38 (tt, J = 7.5, 1.4 Hz, 1H, 
PhHp), 7.33 (nfodd, J = 7.5, 7.0 Hz, 2H, PhHm), 4.90 (s, 2H, CH2O), and 0.26 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 152.1, 132.8, 129.7, 128.6, 121.2, 96.2, 93.6, 79.4, 75.0, 73.0, 
72.2, 53.9, and -0.8.  
IR (neat): 2963, 2904, 2174, 1719, 1652, 1558, 1368, 1254, 1110, 1025, 977, 865, and 826 cm-1.  
HRMS (ESI-TOF): Calcd for C17H16NaO2Si+ [M+Na+] requires 303.0812; found 303.0799.  
Mp: 60–62 ºC.  
______________________________________________________________________________ 
5-(o-Tolyl)penta-2,4-diyn-1-yl 3-(trimethylsilyl)propiolate (S8) 
 
Following general procedure B, 5-(o-tolyl)penta-2,4-diyn-1-ol137 (0.17 g, 1.0 mmol), 3-
(trimethylsilyl)propiolic acid (0.21 g, 1.5 mmol), DMAP (12 mg, 0.10 mmol), DCC (0.25 g, 1.2 
mmol), and DCM (10 mL) were used to prepare triyne S8. Purification of the crude material by 
MPLC (hexanes:EtOAc 50:1) provided triyne S8 (0.15 g, 0.51 mmol, 51%) as a pale yellow oil. 
1H NMR (500 MHz, CDCl3): δ 7.45 (dd, J = 7.8, 0.9 Hz, 1H, H6), 7.27 (ddd, J = 7.5, 7.5, 1.1 Hz, 
1H, H4), 7.20 (d, J = 7.8 Hz, 1H, H3), 7.20 (dd, J = 7.4, 7.4 Hz, 1H, H5), 4.91 (s, 2H, CH2O), 
2.44 (s, 3H, ArCH3), and 0.26 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 152.1, 142.2, 133.3, 129.74, 129.66, 125.8, 121.0, 96.2, 93.7, 
78.4, 76.5, 75.5, 72.3, 54.0, 20.8, and -0.8.  
                                                
137 Karmakar, R.; Yun, S. Y.; Chen, J. J.; Xia, Y. Z.; Lee, D. Benzannulation of Triynes to Generate 
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IR (neat): 2963, 2903, 2174, 2126, 1719, 1599, 1430, 1368, 1253, 1161, 1091, 978, 848, and 757 
cm-1.  
HRMS (ESI-TOF): Calcd for C18H18NaO2Si+ [M+Na+] requires 317.0968; found 317.0965.  
______________________________________________________________________________ 
5-(4-Methoxyphenyl)penta-2,4-diyn-1-yl 3-(trimethylsilyl)propiolate (S9) 
 
Following general procedure B, 5-(4-methoxyphenyl)penta-2,4-diyn-1-ol137 (0.21 g, 1.0 mmol), 
3-(trimethylsilyl)propiolic acid (0.21 g, 1.5 mmol), DMAP (12 mg, 0.10 mmol), DCC (0.25 g, 1.2 
mmol), and DCM (10 mL) were used to prepare triyne S9. Purification of the crude material by 
MPLC (hexanes:EtOAc 20:1) provided triyne S9 (0.21 g, 0.66 mmol, 66%) as a pale yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.43 (nfod, J = 8.7 Hz, 2H, H2), 6.84 (nfod, J = 8.8 Hz, 2H, H3), 
4.89 (s, 2H, CH2O), 3.81 (s, 3H, OCH3), and 0.25 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 160.8, 152.1, 134.5, 114.3, 113.1, 96.0, 93.7, 79.7, 74.5, 72.5, 
72.0, 55.5, 54.0, and -0.8. 
IR (neat): 3011, 2963, 2902, 2843, 2176, 1717, 1603, 1510, 1369, 1252, 1175, 1029, 865, 822, 
and 755 cm-1.  
HRMS (ESI-TOF): Calcd for C18H18NaO3Si+ [M+Na+] requires 333.0917; found 333.0926.  
Mp: 59–62 ºC.  
______________________________________________________________________________
Methyl 4-(5-Hydroxypenta-1,3-diyn-1-yl)benzoate (S10) 
 
Following general procedure A, methyl 4-ethynylbenzoate (0.32 g, 2 mmol), 3-bromoprop-2-yn-
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DCM (10 mL) were used to prepare diyne S10. Purification of the crude material by flash 
chromatography (hexanes:EtOAc 2:1) provided S10 (0.34 g, 1.6 mmol, 79%) as a yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.99 (nfod, J = 8.5 Hz, 2H, H2), 7.55 (nfod, J = 8.5 Hz, 2H, H3), 
4.44 (s, 2H, CH2OH), 3.92 (s, 3H, OCH3), and 1.77 (br s, 1H, OH). 
13C NMR (126 MHz, CDCl3): δ 166.4, 132.6, 130.6, 129.7, 126.2, 82.0, 77.6, 76.0, 70.3, 52.5, 
and 51.8.  
IR (neat): 3503, 3006, 2957, 2127, 1694, 1607, 1438, 1403, 1310, 1278, 1109, 1022, 960, 850, 
and 763 cm-1.  
HRMS (ESI-TOF): Calcd for C13H10NaO3+ [M+Na+] requires 237.0522; found 237.0525.  
Mp: 126–130 ºC.  
______________________________________________________________________________ 
Methyl 4-(5-((3-(Trimethylsilyl)propioloyl)oxy)penta-1,3-diyn-1-yl)benzoate (S11) 
 
Following general procedure B, propargyl alcohol S10 (0.21 g, 1.0 mmol), 3-
(trimethylsilyl)propiolic acid (0.21 g, 1.5 mmol), DMAP (12 mg, 0.10 mmol), DCC (0.25 g, 1.2 
mmol), and DCM (10 mL) were used to prepare triyne S11. Purification of the crude material by 
MPLC (hexanes:EtOAc 9:1) provided S11 (0.16 g, 0.46 mmol, 46%) as a pale yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.99 (nfod, J = 8.6 Hz, 2H, H2), 7.55 (nfod, J = 8.5 Hz, 2H, H3), 
4.91 (s, 2H, CH2O), 3.92 (s, 3H, OCH3), and 0.26 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 166.3, 152.0, 132.7, 130.8, 129.7, 125.8, 96.3, 93.6, 78.2, 76.5, 
75.7, 71.8, 53.8, 52.5, and -0.8. 
IR (neat): 3011, 2959, 2902, 2855, 2176, 1720, 1695, 1438, 1402, 1276, 1255, 1212, 1119, 1018, 
908, and 824 cm-1.  
HRMS (ESI-TOF): Calcd for C19H18NaO4Si+ [M+Na+] requires 361.0867; found 361.0871.  
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______________________________________________________________________________ 
5-(4-Fluorophenyl)penta-2,4-diyn-1-yl 3-(trimethylsilyl)propiolate (S12) 
 
Following general procedure B, 5-(4-fluorophenyl)penta-2,4-diyn-1-ol137 (0.21 g, 1.2 mmol), 3-
(trimethylsilyl)propiolic acid (0.20 g, 1.4 mmol), DMAP (15 mg, 0.12 mmol), DCC (0.30 g, 1.4 
mmol), and DCM (12 mL) were used to prepare triyne S12. Purification of the crude material by 
MPLC (hexanes:EtOAc 20:1) provided triyne S12 (0.21 g, 0.71 mmol, 59%) as a white solid. 
1H NMR (500 MHz, CDCl3): δ 7.52–7.44 (m, 2H, H3), 7.06–6.99 (m, 2H, H2), 4.89 (s, 2H, 
CH2O), and 0.25 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 163.4 (d, J = 252 Hz), 152.1, 134.9 (d, J = 8.8 Hz), 117.3 (d, J = 
2.5 Hz), 116.1 (d, J = 23 Hz), 96.2, 93.6, 78.3, 75.1, 72.9, 72.0, 53.8, and -0.8. 
19F NMR (470 MHz, CDCl3): δ -107.9. 
IR (neat): 3011, 2963, 2903, 2175, 1721, 1600, 1507, 1370, 1251, 1156, 1110, 978, 866, 821, and 
789 cm-1.  
HRMS (ESI-TOF): Calcd for C17H15FNaO2Si+ [M+Na+] requires 321.0718; found 321.0707.  
Mp: 38–39 ºC. 
______________________________________________________________________________ 
5-(4-Bromophenyl)penta-2,4-diyn-1-yl 3-(trimethylsilyl)propiolate (S13) 
 
Following general procedure B, 5-(4-bromophenyl)penta-2,4-diyn-1-ol138 (0.24 g, 1.0 mmol), 3-
(trimethylsilyl)propiolic acid (0.17 g, 1.2 mmol), DMAP (12 mg, 0.10 mmol), DCC (0.25 g, 1.2 
                                                
138 Yin, W. Y.; He, C.; Chen, M.; Zhang, H.; Lei, A. W. Nickel-Catalyzed Oxidative Coupling Reactions of 
Two Different Terminal Alkynes Using O2 as the Oxidant at Room Temperature: Facile Syntheses of 
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mmol), and DCM (10 mL) were used to prepare triyne S13. Purification of the crude material by 
MPLC (hexanes:EtOAc 20:1) provided triyne S13 (0.20 g, 0.56 mmol, 56%) as a white solid. 
1H NMR (500 MHz, CDCl3): δ 7.47 (nfod, J = 8.6 Hz, 2H, H2), 7.35 (nfod, J = 8.6 Hz, 2H, H3), 
4.89 (s, 2H, CH2O), and 0.26 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 152.0, 134.2, 132.0, 124.3, 120.2, 96.3, 93.6, 78.2, 75.7, 74.2, 
72.0, 53.8, and -0.8. 
IR (neat): 2998, 2962, 2903, 2174, 2123, 1720, 1585, 1486, 1368, 1252, 1110, 1069, 1010, 866, 
and 815 cm-1.  
HRMS (ESI-TOF): Calcd for C17H1579BrNaO2Si+ [M+Na+] requires 380.9917; found 380.9934.  




Following general procedure A, 4-ethynylbenzonitrile (0.32 g, 2 mmol), 3-bromoprop-2-yn-1-ol 
(0.34 g, 2.5 mmol), CuCl (20 mg, 0.2 mmol), n-butylamine/H2O (v:v, 30:70, 10 mL), and DCM 
(10 mL) were used to prepare diyne S14. Purification of the crude material by flash 
chromatography (hexanes:EA 2:1) provided S14 (0.20 g, 1.1 mmol, 56%) as a pale yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.62 (nfod, J = 8.6 Hz, 2H, H2), 7.57 (nfod, J = 8.7 Hz, 2H, H3), 
4.44 (s, 2H, CH2OH), and 1.69 (br s, 1H, OH). 
13C NMR (126 MHz, CDCl3): δ 133.2, 132.2, 126.5, 118.3, 112.8, 83.0, 76.5, 70.0, and 51.8 (one 
alkyne resonance was not observed in this sparingly CDCl3-soluble analyte). 
IR (neat): 3267, 2998, 2933, 2233, 1602, 1501, 1446, 1309, 1269, 1240, 1096, 1016, 828, and 
769 cm-1.  
HRMS (ESI-TOF): Calcd for C12H7NNaO+ [M+Na+] requires 204.0420; found 204.0421.  
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5-(4-Cyanophenyl)penta-2,4-diyn-1-yl 3-(trimethylsilyl)propiolate (S15) 
 
Following general procedure B, propargyl alcohol S14 (0.18 g, 1.0 mmol), 3-
(trimethylsilyl)propiolic acid (0.17 g, 1.2 mmol), DMAP (12 mg, 0.10 mmol), DCC (0.25 g, 1.2 
mmol), and DCM (10 mL) were used to prepare triyne S15. Purification of the crude material by 
MPLC (hexanes:EtOAc 9:1) provided triyne S15 (0.16 g, 0.53 mmol, 53%) as a white solid. 
1H NMR (500 MHz, CDCl3): δ 7.62 (nfod, J = 8.5 Hz, 2H, H3), 7.57 (nfod, J = 8.5 Hz, 2H, H2), 
4.91 (s, 2H, CH2O), and 0.26 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 152.0, 133.2, 132.2, 126.2, 118.2, 113.0, 96.5, 93.5, 77.4, 77.1, 
77.0, 71.4, 53.6, and -0.8. 
IR (neat): 2998, 2964, 2905, 2229, 2175, 1713, 1604, 1502, 1431, 1371, 1252, 1110, 1019, 981, 
942, 865, and 823 cm-1.  
HRMS (ESI-TOF): Calcd for C18H15NNaO2Si+ [M+Na+] requires 328.0764; found 328.0779.  
Mp: 91–93 ºC.  
______________________________________________________________________________ 
5-(Triisopropylsilyl)penta-2,4-diyn-1-yl propiolate (7b) 
 
Following general procedure B, 5-(triisopropylsilyl)penta-2,4-diyn-1-ol139 (0.24 g, 1.0 mmol), 
propiolic acid (93 uL, 1.5 mmol), DMAP (12 mg, 0.10 mmol), DCC (0.25 g, 1.2 mmol), and 
DCM (10 mL) were used to prepare triyne 7b. Purification of the crude material by flash 
chromatography (hexanes:EtOAc 20:1) provided triyne 7b (0.22 g, 0.76 mmol, 77%) as a pale 
yellow oil. 
                                                
139 Cho, J.; Lee, Y. M.; Kim, D.; Kim, S. Design and Synthesis of Piperidine-Containing Sphingoid Base 



























  174 
 
1H NMR (500 MHz, CDCl3): δ 4.85 (s, 2H, CH2O), 2.96 (s, 1H, ºCH), and 1.08 [m, 21H, 
CH(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 151.8, 88.5, 86.5, 76.3, 73.9, 73.0, 68.8, 54.0, 18.6, and 11.3. 
IR (neat): 3296, 2945, 2867, 2124, 2111, 1725, 1462, 1366, 1206, 996, 966, 882, and 804 cm-1.  
HRMS (ESI-TOF): Calcd for C17H24NaO2Si+ [M+Na+] requires 311.1438; found 311.1453. 
______________________________________________________________________________ 
5-(Naphthalen-1-yl)penta-2,4-diyn-1-yl 3-(trimethylsilyl)propiolate (7c) 
 
Following general procedure B, 5-(naphthalen-1-yl)penta-2,4-diyn-1-ol140 (0.21 g, 1.0 mmol), 3-
(trimethylsilyl)propiolic acid (0.17 g, 1.2 mmol), DMAP (12 mg, 0.10 mmol), DCC (0.25 g, 1.2 
mmol), and DCM (10 mL) were used to prepare triyne 7c. Purification of the crude material by 
MPLC (hexanes:EtOAc 20:1) provided triyne 7c (0.23 g, 0.68 mmol, 68%) as a pale yellow solid. 
1H NMR (500 MHz, CDCl3): δ 8.28 (d, J = 8.3 Hz, 1H, H8), 7.87 (d, J = 8.9 Hz, 1H, H4 or H5), 
7.85 (d, J = 8.9 Hz, 1H, H5 or H4), 7.74 (d, J = 7.2 Hz, 1H, H2), 7.58 (ddd, J = 8.3, 7.9, 0.9 Hz, 
1H, H7), 7.53 (ddd, J = 7.9, 7.9, 0.9 Hz, 1H, H6), 7.41 (dd, J = 7.3, 7.3 Hz, 1H, H3), 4.95 (s, 2H, 
CH2O), and 0.26 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 152.1, 134.0, 133.1, 132.5, 130.2, 128.6, 127.5, 126.9, 126.0, 
125.2, 118.8, 96.2, 93.7, 77.8, 77.6, 76.1, 72.3, 54.0, and -0.8. 
IR (neat): 3060, 2963, 2902, 2175, 1713, 1585, 1505, 1428, 1365, 1253, 1068, 1012, 874, 826, 
and 795 cm-1.  
HRMS (ESI-TOF): Calcd for C21H18NaO2Si+ [M+Na+] requires 353.0968; found 353.0985.  
Mp: 25–28 ºC.  
______________________________________________________________________________ 
                                                
140 Balamurugan, R.; Naveen, N.; Manojveer, S.; Nama, M. V. Homo and Heterocoupling of Terminal 
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3-Mesitylprop-2-yn-1-yl propiolate (7e) 
 
Following general procedure B, 3-mesitylprop-2-yn-1-ol141 (0.10 g, 0.6 mmol), propiolic acid (70 
mg, 1.0 mmol), DMAP (7.3 mg, 0.060 mmol), DCC (0.21 g, 1.0 mmol), and DCM (10 mL) were 
used to prepare diyne 7e. Purification of the crude material by MPLC (hexanes:EtOAc 30:1) 
provided diyne 7e (82 mg, 0.36 mmol, 60%) as a clear oil. 
1H NMR (500 MHz, CDCl3): δ 6.85 (s, 2H, ArH), 5.08 (s, 2H, CH2O), 2.93 (s, 1H, ≡CH), 2.37 (s, 
6H, ArorthoCH3), and 2.27 (s, 3H, ArparaCH3). 
13C NMR (126 MHz, CDCl3): δ 152.2, 140.9, 138.6, 127.8, 118.7, 89.0, 85.6, 75.6, 74.3, 54.9, 
21.5, and 21.0. 
IR (neat): 3291, 2922, 2857, 2233, 2120, 1720, 1610, 1478, 1436, 1366, 1209, 1019, 990, 938, 
and 827 cm-1.  




To a stirred solution of 1,7-octadiyne (133 uL, 1.0 mmol) in acetone (10 mL) was added N-
bromosuccinimide (0.43 g, 2.4 mmol) and silver nitrate (34 mg, 0.20 mmol). The solution quickly 
turned into a suspension, which was stirred at room temperature for 1 hour. The reaction mixture 
was then quenched by addition of hexanes (20 mL), and the suspension was passed through 
Celiteâ. The filtrate was concentrated to afford the dibromodiyne S19, which was used 
immediately in the subsequent step. 
                                                
141 Wessig, P.; Muller, G. Herre, R. Kuhn, A. Synthesis of Benzo[g]isochromenes through Photo-Dehydro-
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CAUTION: Dibromodiyne S16 is a strong skin irritant! Avoid contact. 
Following general procedure A, the crude dibromodiyne S16 (ca. 1.0 mmol), phenyl acetylene 
(0.33 mL, 3.0 mmol), CuCl (20 mg, 0.20 mmol), n-butylamine/H2O (v:v, 30:70, 5 mL), and DCM 
(5 mL) were used to prepare tetrayne 30. Purification of the crude material by direct 
recrystallization (hexanes) provided tetrayne 30 (0.18 g, 0.60 mmol, 60%, two steps) as a white 
solid. 
1H NMR (500 MHz, CDCl3): δ 7.51–7.46 (nfom, 4H, PhHo), 7.36–7.28 (m, 6H, PhHm+p), 2.45–
2.39 (nfom, 4H, ≡CCH2), and 1.77–1.71 (nfom, 4H, CH2CH2). 
13C NMR (126 MHz, CDCl3): δ 132.7, 129.0, 128.5, 122.2, 84.0, 75.1, 74.4, 65.8, 27.4, and 19.3. 
IR (neat): 2955, 2934, 2901, 2866, 2242, 2175, 2157, 1592, 1489, 1441, 1333, 1295, 906, and 
753 cm-1.  
HRMS (ESI-TOF): Calcd for C24H18Ag+ [M+Ag+] requires 413.0454; found 413.0458 
(measurement done using a DCM/MeOH solution of 30 that had been doped with a crystal of 
AgNO3). 
Mp: 101–104 ºC.  
• Experimental details and characterization data for the cyclobutadiene-derived products 
__________________________________________________________________________ 
5-(tert-Butyl)-6-(3,3-dimethylbut-1-yn-1-yl)naphtho[1,2-c:7,8-c']difuran-3,8(1H,10H)-dione 
(8 ≡ 13a) 
 
Following general procedure C, the naphthalene derivative 8 was prepared from triyne 7 (94 mg, 
0.50 mmol) in CHCl3 (10 mL). The crude product was purified by MPLC (hexanes:EtOAc 3:1) to 
yield 8 (55 mg, 0.29 mmol, 58%) as a white solid. Single crystal suitable for X-ray diffraction 
analysis was obtained by vapor diffusion method, in which n-pentane was slowly vaporized and 















  177 
 
1H NMR (500 MHz, CDCl3): δ 8.37 (s, 1H, H4), 8.30 (s, 1H, H7), 5.63 (s, 2H, CH2O), 5.60 (s, 
2H, CH2O), 1.82 [s, 9H, ArC(CH3)3], and 1.39 [s, 9H, ≡CC(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 170.6, 169.7, 152.3, 145.2, 144.1, 137.9, 134.3, 125.2, 124.7, 
124.1, 123.3, 123.2, 107.9, 83.7, 69.8, 69.5, 38.0, 34.5, 30.5, and 28.8.  
IR (neat): 3020, 2968, 2930, 2870, 2204, 1762, 1459, 1411, 1365, 1239, 1120, 1119, 979, 909, 
and 764 cm-1. 
HRMS (ESI-TOF): Calcd for C24H24NaO4+ [M+Na+] requires 399.1567; found 399.1555. 
Mp: 234–242 ºC (with decomposition > ca. 220 ºC). 
______________________________________________________________________________ 
5-(3-((tert-Butyldimethylsilyl)oxy)-3-methylbut-1-yn-1-yl)-6-(2-((tert-
butyldimethylsilyl)oxy)propan-2-yl)naphtho[1,2-c:7,8-c']difuran-3,8(1H,10H)-dione (13b)  
 
Following general procedure C, naphthalene 13b was prepared from triyne S2 (100 mg, 0.33 
mmol) in CHCl3 (6.6 mL). The crude product was purified by MPLC (hexanes:EtOAc 3:1) to 
obtain the naphthalene derivative 13b (61 mg, 0.10 mmol, 61%) as a white solid. 
1H NMR (500 MHz, CDCl3): δ 8.93 (s, 1H, H4), 8.34 (s, 1H, H7), 5.66 (s, 2H, CH2O), 5.62 (s, 
2H, CH2O), 2.19 [s, 6H, C(CH3)2], 1.65 [s, 6H, C(CH3)2], 1.00 [s, 9H, SiC(CH3)3], 0.90 [s, 9H, 
SiC(CH3)3], 0.19 [s, 6H, Si(CH3)2], and 0.16 [s, 6H, Si(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 170.0, 169.3, 152.0, 145.9, 144.4, 135.5, 133.7, 124.4, 124.3, 
124.2, 123.3, 123.2, 103.5, 85.2, 77.4, 69.6, 69.2, 67.3, 34.0, 32.3, 26.1, 25.6, 18.5, 17.9, -1.7, 
and -2.7.  
IR (neat): 2960, 2932, 2893, 2202, 1770, 1473, 1462, 1410, 1367, 1255, 1218, 1159, 1117, 1024, 
1005, 836, and 774 cm-1.  
HRMS (ESI-TOF): Calcd for C34H48NaO6Si2+ [M+Na+] requires 631.2887; found 631.2869.  


















butyldimethylsilyl)oxy)ethyl)naphtho[1,2-c:7,8-c']difuran-3,8(1H,10H)-dione (13c, a 1:1 
mixture of like and unlike diastereomers) 
 
Following general procedure C, naphthalene 13c was prepared from triyne S4 (100 mg, 0.34 
mmol) in CHCl3 (6.8 mL). The crude product was purified by MPLC (hexanes:EtOAc 3:1) to 
yield the naphthalene derivative 13c (31 mg, 0.053 mmol, 31%) as a pale yellow solid.  
1H NMR (500 MHz, CDCl3): δ 8.70 (s, 0.5H, H4), 8.69 (s, 0.5H, H4), 8.29 (s, 0.5H, H7), 8.28 (s, 
0.5H, H7), 6.98 (q, J = 6.0 Hz, 0.5H, ArCH), 6.94 (q, J = 6.0 Hz, 0.5H, ArCH), 5.66 (s, 2H, 
CH2O), 5.64 (s, 2H, CH2O), 4.88+ (q, J = 6.5 Hz, 0.5H, ≡CCH), 4.88- (q, J = 6.5 Hz, 0.5H, 
≡CCH), 1.61 (d, J = 6.5 Hz, 1.5H, ArCHCH3), 1.60 (d, J = 6.5 Hz, 1.5H, ArCHCH3), 1.57 (d, J = 
6.0 Hz, 3H, ≡CCHCH3), 0.95 [s, 4.5H, SiC(CH3)3], 0.94 [s, 4.5H, SiC(CH3)3], 0.92+ [s, 4.5H, 
SiC(CH3)3], 0.92- [s, 4.5H, SiC(CH3)3], 0.184 [s, 1.5H, Si(CH3)2], 0.182 [s, 1.5H, 
Si(CH3)2], 0.179 [s, 3H, Si(CH3)2], 0.13 [s, 1.5H, Si(CH3)2], 0.12 [s, 1.5H, Si(CH3)2], -0.00 [s, 
1.5H, Si(CH3)2], and -0.01 [s, 1.5H, Si(CH3)2].  
13C NMR (126 MHz, CDCl3): δ 170.0, 169.3, 150.1+, 150.1-, 145.6, 145.5, 143.9+, 143.9-, 134.5+, 
134.5-, 132.5, 132.2, 125.0, 123.7+, 123.7-, 123.0, 122.9+, 122.9-, 122.8, 122.4, 99.8, 99.7, 83.3+, 
83.3-, 69.5, 69.2, 67.1, 66.9, 59.6, 29.0, 28.9, 25.9, 25.8, 25.2, 25.1, 18.23, 18.19, 18.18, -4.47, -
4.49, -4.54, -4.7, -4.8, and -4.9.  
IR (neat): 2955, 2931, 2890, 2208, 1767, 1471, 1463, 1417, 1367, 1255, 1116, 1093, 1021, 836, 
and 778 cm-1.  
HRMS (ESI-TOF): Calcd for C32H44NaO6Si2+ [M+Na+] requires 603.2574; found 603.2549.  
























Following general procedure C, naphthalenes 13d and 13d’ were prepared from triyne S5 (34 mg, 
0.20 mmol) in CHCl3 (4.0 mL). The crude product was purified by MPLC (hexanes:EtOAc 4:1) 
to obtain a mixture of coeluting naphthalene derivatives 13d and 13d’ (12 mg, 0.035 mmol, 34%, 
8:1 mixture) as a white solid. 
Data for 13d (from the mixture) 
1H NMR (500 MHz, CDCl3): δ 8.20 (s, 1H, H4), 7.86 (s, 1H, H7), 5.59 (s, 2H, CH2O), 5.57 (s, 
2H, CH2O), 3.17 (tt, J = 8.2, 5.7 Hz, 1H, ArCH), 1.55 (tt, J = 8.4, 4.9 Hz, 1H, ≡CCH), 1.19 [nfom, 
2H, ArCH(CHcisHtrans–CHcisHtrans)], 0.98 [nfom, 2H, ≡CCH(CHcisHtrans–CHcisHtrans)], 0.92 [nfom, 
2H, ArCH(CHcisHtrans–CHcisHtrans)], and 0.85 [nfom, 2H, ≡CCH(CHcisHtrans–CHcisHtrans)]. 
13C NMR (126 MHz, CDCl3): δ 170.3, 169.6, 145.3, 144.2, 143.6, 139.1, 131.8, 125.3, 124.6, 
124.0, 123.2, 123.1, 102.6, 76.8, 69.5, 69.4, 18.1, 10.4, 8.7, and 1.0.  
Data for 13d’ (from the mixture) 
1H NMR (500 MHz, CDCl3): δ 8.09 (s, 1H, H5), 7.85 (s, 1H, H10), 6.09 (s, 2H, CH2-ringDO), 5.99 
(s, 2H, CH2-ringAO), 2.27 (tt, J = 8.0, 5.6 Hz, 1H, ArCH), 1.63 (tt, J = 8.4, 5.0 Hz, 1H, ≡CCH), 
1.23 [nfom, 2H, ArCH(CHcisHtrans–CHcisHtrans)], 1.05 [nfom, 2H, ≡CCH(CHcisHtrans–CHcisHtrans)], 
1.02 [nfom, 2H, ArCH(CHcisHtrans–CHcisHtrans)], and 1.00–0.95 [overlapped, 2H, 
≡CCH(CHcisHtrans–CHcisHtrans)]. 
nOe: The interactions indicated on structure 13d’ for pairs of resonances of the minor isomer led 
to the assignment of regiochemical orientation for each of the two constitutional isomers. 
13C NMR (126 MHz, CDCl3): δ 170.9, 170.2, 145.8, 145.4, 142.8, 133.0, 132.2, 128.0, 126.3, 
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IR (neat): 2998, 2943, 2213, 1759, 1424, 1372, 1345, 1214, 1123, 1106, 1016, 977, 844, and 763 
cm-1 (obtained from the mixture). 
HRMS (ESI-TOF): Calcd for C22H16NaO4+ [M+Na+] requires 367.0941; found 367.0923 (from 
the mixture).  





Following general procedure C, naphthalene 13e was prepared from 5-(trimethylsilyl)penta-2,4-
diyn-1-yl propiolate45c (31 mg, 0.15 mmol) in CHCl3 (3.0 mL). The crude product was purified by 
MPLC (hexanes:EtOAc 4:1) to obtain the naphthalene derivative 13e (15 mg, 0.037 mmol, 48%) 
as a white solid. 
1H NMR (500 MHz, CDCl3): δ 8.47 (s, 1H, H4 or H7), 8.41 (s, 1H, H7 or H4), 5.65 (s, 2H, 
CH2O), 5.62 (s, 2H, CH2O), 0.62 [s, 9H, ArSi(CH3)3], and 0.33 [s, 9H, ≡CSi(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 170.2, 169.5, 146.8, 145.8, 144.3, 142.8, 133.9, 133.7, 126.2, 
123.9, 123.8, 122.9, 107.5, 106.2, 69.6, 69.3, 4.2, and -0.2. 
IR (neat): 2958, 2899, 2145, 1764, 1607, 1461, 1406, 1362, 1249, 1224, 1108, 1017, 942, 845, 
and 757 cm-1.  
HRMS (ESI-TOF): Calcd for C22H24NaO4Si2+ [M+Na+] requires 431.1105; found 431.1085.  
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Following general procedure C, the naphthalene derivative 13f was prepared from 5-(tert-
butyldimethylsilyl)penta-2,4-diyn-1-yl propiolate45c (37 mg, 0.15 mmol) in CHCl3 (3.0 mL). The 
crude product was purified by MPLC (hexanes:EtOAc 4:1) to obtain 13f (18 mg, 0.037 mmol, 
49%) as a pale yellow solid. 
1H NMR (500 MHz, CDCl3): δ 8.56 (s, 1H, H4), 8.36 (s, 1H, H7), 5.64 (s, 2H, CH2O), 5.62 (s, 
2H, CH2O), 1.10 [s, 9H, SiC(CH3)3], 1.06 [s, 9H, SiC(CH3)3], 0.64 [s, 6H, ArSi(CH3)2], and 0.25 
[s, 6H, ≡CSi(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 170.1, 169.5, 146.6, 145.9, 143.1, 142.8, 134.0, 133.9, 126.5, 
123.8, 123.3, 123.2, 107.4, 106.5, 69.6, 69.3, 28.5, 26.5, 19.4, 17.4, 0.9, and -4.7.  
IR (neat): 2953, 2931, 2885, 2858, 2141, 1765, 1606, 1462, 1404, 1361, 1251, 1220, 1108, 1024, 
1019, 910, 823, and 776 cm-1.  
HRMS (ESI-TOF): Calcd for C28H36NaO4Si2+ [M+Na+] requires 515.2044; found 515.2048.  





Following general procedure C, the naphthalene derivative 13g was prepared from triyne 7b (43 
mg, 0.15 mmol) in CHCl3 (3.0 mL). The crude product was purified by MPLC (hexanes:EtOAc 
4:1) to obtain 13g (19 mg, 0.033 mmol, 44%) as an amorphous yellow solid. 
1H NMR (500 MHz, CDCl3): δ 8.53 (s, 1H, H4), 8.39 (s, 1H, H7), 5.64 (s, 2H, CH2O), 5.63 (s, 
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≡CSi[(CH)(CH3)2]3}, 1.17 {d, J = 6.0 Hz, 18H, ≡CSi[CH(CH3)2]3}, and 1.13 {d, J = 7.5 Hz, 18H, 
ArSi[CH(CH3)2]3}. 
13C NMR (126 MHz, CDCl3): δ 170.2, 169.5, 146.6, 145.9, 143.1, 140.8, 134.8, 134.2, 126.7, 
123.7, 123.5, 123.2, 108.7, 105.4, 69.6, 69.3, 20.0, 18.8, 14.6, and 11.8.  
IR (neat): 2944, 2890, 2866, 2132, 1766, 1607, 1460, 1360, 1248, 1219, 1108, 1019, 980, 909, 
880, and 759 cm-1.  





Following general procedure C, the naphthalene derivative 13h was prepared from triyne S6 (26 
mg, 0.10 mmol) in CHCl3 (2.0 mL). The crude product was purified by MPLC (hexanes:EtOAc 
4:1) to obtain 13h (22 mg, 0.042 mmol, 83%) as a pale yellow solid. 
1H NMR (500 MHz, CDCl3): δ 5.50 (d, J = 14.5 Hz, 1H, CHaHbO), 5.47 (d, J = 14.5 Hz, 1H, 
CHa’Hb’O), 5.45 (d, J = 14.4 Hz, 1H, CHbHaO), 5.40 (d, J = 14.4 Hz, 1H, CHb’Ha’O), 1.56 [s, 9H, 
ArC(CH3)3], 1.29 [s, 9H, ≡CC(CH3)3], 0.58 [s, 9H, Si(CH3)3], and 0.54 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 171.1, 170.5, 163.2, 144.2, 143.0, 142.3, 141.3, 139.0, 132.2, 
128.9, 127.3, 121.2, 115.5, 84.8, 68.6, 68.2, 42.8, 36.6, 30.2, 29.0, 4.6, and 1.5. 
IR (neat): 2968, 2900, 2871, 2201, 1759, 1462, 1352, 1249, 1183, 1106, 1036, 998, 912, 841, and 
765 cm-1.  
HRMS (ESI-TOF): Calcd for C30H40NaO4Si2+ [M+Na+] requires 543.2357; found 543.2365.  
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5-Phenyl-6-(phenylethynyl)-4,7-bis(trimethylsilyl)naphtho[1,2-c:7,8-c']difuran-3,8(1H,10H)-
dione (13i) and 4-Phenyl-9-(phenylethynyl)-5,10-bis(trimethylsilyl)-3,8-dihydronaphtho[1,2-
c:5,6-c']difuran-1,6-dione (13i’) 
 
Following general procedure C, the naphthalene derivatives 13i and 13i’ were prepared from 
triyne S7 (26 mg, 0.093 mmol) in CHCl3 (2.0 mL). The crude product was purified by MPLC 
(hexanes:EtOAc 4:1) to yield, in the order of elution, 13i’ (1.0 mg, 1.8 umol, 4%) and 13i (13 mg, 
0.022 mmol, 48%), each as a light orange solid. 
Data for 13i 
1H NMR (500 MHz, CDCl3): δ 7.41 (nfod, J = 7.3 Hz, 2H, ArPhHortho), 7.33 (dd, J = 7.4, 7.4 Hz, 
2H, ArPhHmeta), 7.27–7.20 (m, 4H, ArPhHpara and ≡CPhHmeta+para), 7.04 (nfod, J = 7.7 Hz, 2H, 
≡CPhHortho), 5.63 (s, 2H, CH2O), 5.61 (s, 2H, CH2O), 0.48 [s, 9H, ArringC-Si(CH3)3], and -0.01 [s, 
9H, ArringB-Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 170.9, 170.2, 150.4, 147.2, 143.8, 143.3, 142.4, 141.4, 137.0, 
133.0, 132.1, 131.0, 129.8, 129.0, 128.9, 128.6, 128.4, 128.1, 123.5, 122.8, 108.6, 90.6, 68.8, 68.7, 
1.6, and 1.5. 
IR (neat): 2951, 2897, 2189, 1760, 1490, 1400, 1357, 1192, 1112, 1034, 1000, 909, 842, and 758 
cm-1.  
HRMS (ESI-TOF): Calcd for C34H32NaO4Si2+ [M+Na+] requires 583.1731; found 583.1739.  
Mp: 164–170 ºC.  
Data for 13i’ 
1H NMR (500 MHz, CDCl3): δ 7.65–7.62 (nfom, 2H, ≡CPhHortho), 7.60 (tt, J = 7.5, 1.3 Hz, 1H, 
ArPhHpara), 7.51 (dd, J = 7.8, 7.8 Hz, 2H, ArPhHmeta), 7.51–7.46 (m, 3H, ≡CPhHmeta+para), 7.34 
(dd, J = 7.9, 1.2 Hz, 2H, ArPhHortho), 6.24 (s, 2H, CH2-ringAO), 4.33 (s, 2H, CH2-ringDO), 0.57 [s, 
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nOe: The interactions indicated on structure 15 for pairs of resonances of the minor isomer led to 
the assignment of regiochemical orientation for each of the two constitutional isomers. 
13C NMR (126 MHz, CDCl3): δ 171.2, 170.6, 148.4, 146.7, 146.4, 143.7, 141.3, 132.1, 131.6, 
131.5, 131.4, 131.3, 131.1, 130.6, 129.9, 129.8, 129.2, 128.8, 128.7, 122.3, 100.1, 91.1, 71.6, 69.7, 
2.2, and 1.6. 
IR (neat): 3060, 2951, 2896, 2203, 1764, 1492, 1443, 1379, 1347, 1247, 1176, 1111, 1041, 1000, 
950, 843, and 757 cm-1.  
HRMS (ESI-TOF): Calcd for C34H32NaO4Si2+ [M+Na+] requires 583.1731; found 583.1747.  





Following general procedure C, the naphthalene derivative 13j was prepared from triyne S8 (20 
mg, 0.067 mmol) in CHCl3 (1.3 mL). The crude product was purified by MPLC (hexanes:EtOAc 
4:1) to yield 13j (11 mg, 0.019 mmol, 55%) as a pale yellow solid. A small amount of the minor 
regioisomer (see 13i’, above, for characterization of an analogous minor isomer) was observed by 
analysis of the 1H NMR spectrum of the crude product mixture (rr = 10:1). 
1H NMR (500 MHz, CDCl3): δ 7.18 (ddd, J = 7.5, 7.5, 1.2 Hz, 1H, H5), 7.15 (dd, J = 7.5, 1.2 Hz, 
1H, H3), 7.10 (d, J = 7.6 Hz, 1H, H6), 7.07 (dd, J = 7.7, 7.7 Hz, 1H, H4), 7.04 (d, J = 7.5 Hz, 1H, 
H6’), 6.99 (dd, J = 7.5, 7.5, 1.2 Hz, 1H, H4’), 6.95 (dd, J = 7.5, 1.2 Hz, 1H, H3’), 6.94 (ddd, J = 
7.4, 7.4, 1.4 Hz, 1H, H5’), 5.66 (d, J = 15.4 Hz, 1H, CHaHbO), 5.64 (d, J = 15.7 Hz, 1H, 
CHa’Hb’O), 5.63 (d, J = 15.5 Hz, 1H, CHaHbO), 5.62 (d, J = 15.9 Hz, 1H, CHa’Hb’O), 2.12 (s, 3H, 
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13C NMR (126 MHz, CDCl3): δ 170.8, 170.2, 149.4, 147.4, 144.4, 143.7, 141.7, 141.2, 139.2, 
138.3, 136.1, 132.4, 132.3, 131.4, 130.0, 129.7, 129.5, 129.4, 129.0, 128.3, 125.8, 125.1, 123.7, 
122.7, 106.3, 92.7, 68.79, 68.76, 20.8, 20.6, 1.6, and 1.4. 
IR (neat): 2950, 2899, 2871, 2194, 1760, 1486, 1457, 1397, 1357, 1247, 1189, 1111, 1036, 1000, 
909, 842, and 758 cm-1.  
HRMS (ESI-TOF): Calcd for C36H36NaO4Si2+ [M+Na+] requires 611.2044; found 611.2027.  





Following general procedure C, the naphthalene derivative 13k was prepared from triyne S9 (47 
mg, 0.15 mmol) in CHCl3 (3.0 mL). The crude product was purified by MPLC (hexanes: EtOAc 
4:1) to yield 13k (22 mg, 0.033 mmol, 47%, contained 3 wt% EtOAc based on analysis of the 1H 
NMR spectrum, 45% corrected yield) as a yellow amorphous solid. A small amount of the minor 
regioisomer (see 13i’, above, for characterization of an analogous minor isomer) was observed by 
analysis of the 1H NMR spectrum of the crude product mixture (rr = 9:1). 
1H NMR (500 MHz, CDCl3): δ 7.28 (nfod, J = 8.6 Hz, 2H, H2), 7.00 (nfod, J = 8.8 Hz, 2H, H2’), 
6.83 (nfod, J = 8.6 Hz, 2H, H3), 6.78 (nfod, J = 8.8 Hz, 2H, H3’), 5.62 (s, 2H, CH2O), 5.60 (s, 2H, 
CH2O), 3.81 (s, 3H, ArOCH3), 3.65 (s, 3H, ArOCH3), 0.47 [s, 9H, ArringC-Si(CH3)3], and 0.02 [s, 
9H, ArringB-Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 171.0, 170.3, 160.0, 159.6, 150.1, 146.9, 143.8, 143.1, 141.2, 
137.4, 135.2, 133.3, 133.2, 132.3, 129.6, 128.8, 122.8, 116.1, 114.0, 113.8, 108.4, 89.4, 68.8, 68.7, 
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IR (neat): 2997, 2952, 2899, 2837, 2184, 1759, 1605, 1510, 1462, 1400, 1358, 1289, 1174, 1112, 
1033, 1000, 909, 842, and 766 cm-1.  





Following general procedure C, the naphthalene derivative 13l was prepared from triyne S11 (34 
mg, 0.10 mmol) in CHCl3 (2.0 mL). The crude product was purified by MPLC (hexanes:EtOAc 
4:1) to yield 13l (14 mg, 0.021 mmol, 41%, contained 2 wt% EtOAc based on 1H NMR spectrum, 
40% corrected yield) as a pale yellow amorphous solid. A small amount of the minor regioisomer 
(see 13i’, above, for characterization of an analogous minor isomer) was observed by analysis of 
the 1H NMR spectrum of the crude product mixture (rr = 11:1). 
1H NMR (500 MHz, CDCl3): δ 7.92 (nfod, J = 8.4 Hz, 2H, H3), 7.88 (nfod, J = 8.6 Hz, 2H, H3’), 
7.50 (nfod, J = 8.4 Hz, 2H, H2), 7.04 (nfod, J = 8.6 Hz, 2H, H2’), 5.66 (s, 2H, CH2O), 5.63 (s, 2H, 
CH2O), 3.93 (s, 3H, OCH3), 3.80 (s, 3H, OCH3), 0.47 [s, 9H, ArringC-Si(CH3)3], and -0.01 [s, 9H, 
ArringB-Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 170.6, 169.9, 166.5, 166.4, 149.0, 148.2, 146.9, 144.4, 144.0, 
142.0, 136.4, 132.2, 131.3, 130.6, 130.5, 129.8, 129.7, 129.6, 129.4, 129.2, 127.9, 122.9, 106.3, 
93.1, 68.8, 68.7, 52.4, 52.2, 1.70, and 1.66. 
IR (neat): 2990, 2952, 2899, 2202, 1762, 1720, 1605, 1436, 1403, 1358, 1277, 1248, 1110, 1036, 
1000, 843, and 767 cm-1.  






























Following general procedure C, the naphthalene derivative 13m was prepared from triyne S12 
(45 mg, 0.15 mmol) in CHCl3 (3.0 mL). The crude product was purified by MPLC 
(hexanes:EtOAc 4:1) to yield 13m (24 mg, 0.040 mmol, 53%) as a yellow solid. A small amount 
of the minor regioisomer (see 13i’, above, for characterization of an analogous minor isomer) was 
observed by analysis of the 1H NMR spectrum of the crude product mixture (rr = 9:1). 
1H NMR (500 MHz, CDCl3): δ 7.36 (nfodd, J = 8.5, 5.5 Hz, 2H, H2), 7.04 (nfodd, J = 8.9, 5.4 
Hz, 2H, H2’), 6.99 (nfodd, J = 8.6, 4.9 Hz, 2H, H3), 6.98 (nfodd, J = 8.8, 5.1 Hz, 2H, H3’), 5.64 
(s, 2H, CH2O), 5.62 (s, 2H, CH2O), 0.47 [s, 9H, ArringC-Si(CH3)3], and 0.02 [s, 9H, ArringB-
Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 170.8, 170.1, 163.2 (d, J = 248 Hz), 162.6 (d, J = 250 Hz), 149.0, 
147.7, 144.1, 143.6, 141.7, 138.7 (d, J = 3.4 Hz), 137.1, 133.8 (d, J = 8.8 Hz), 132.6 (d, J = 8.8 
Hz), 132.3, 129.7, 129.1, 122.9, 119.5 (d, J = 3.5 Hz), 115.8 (d, J = 18 Hz), 115.6 (d, J = 16 Hz), 
107.0, 89.9 (d, J = 1.7 Hz), 68.8, 68.6, 1.7, and 1.5. 
19F NMR (470 MHz, CDCl3): δ -110.3, and -113.1. 
IR (neat): 2950, 2899, 2192, 1760, 1600, 1507, 1400, 1358, 1247, 1230, 1156, 1112, 1036, 1000, 
841, and 767 cm-1.  
HRMS (ESI-TOF): Calcd for C34H30F2NaO4Si2+ [M+Na+] requires 619.1543; found 619.1534.  
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Following general procedure C, the naphthalene derivative 13n was prepared from triyne S13 (54 
mg, 0.15 mmol) in CHCl3 (3.0 mL). The crude product was purified by MPLC (hexanes:EtOAc 
4:1) to yield 13n (26 mg, 0.037 mmol, 49%) as a yellow solid. A small amount of the minor 
regioisomer (see 13i’, above, for characterization of an analogous minor isomer) was observed by 
analysis of the 1H NMR spectrum of the crude product mixture (rr = 9:1). 
1H NMR (500 MHz, CDCl3): δ 7.45 (nfod, J = 8.4 Hz, 2H, H3), 7.43 (nfod, J = 8.4 Hz, 2H, H3’), 
7.26 (nfod, J = 8.3 Hz, 2H, H2), 6.92 (nfod, J = 8.5 Hz, 2H, H2’), 5.64 (s, 2H, CH2O), 5.62 (s, 2H, 
CH2O), 0.46 [s, 9H, ArringC-Si(CH3)3], and 0.02 [s, 9H, ArringB-Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 170.7, 170.0, 148.8, 148.0, 144.2, 143.8, 141.8, 141.5, 136.7, 
133.7, 132.2, 131.81, 131.78, 131.7, 129.8, 129.2, 123.7, 122.9, 122.9, 122.1, 106.8, 91.2, 68.8, 
68.6, 1.7, and 1.5. 
IR (neat): 2949, 2899, 2194, 1760, 1486, 1401, 1357, 1248, 1191, 1112, 1036, 1010, 1000, 841, 
and 766 cm-1.  
HRMS (ESI-TOF): Calcd for C34H3079Br2NaO4Si2+ [M+Na+] requires 738.9942; found 738.9918.  
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Following general procedure C, the naphthalene derivative 13o was prepared from triyne S15 (46 
mg, 0.15 mmol) in CHCl3 (3.0 mL). The crude product was purified by MPLC (hexanes:EtOAc 
4:1) to yield 13o (22 mg, 0.036 mmol, 47%) as a pale yellow solid. A small amount of the minor 
regioisomer (see 13i’, above, for characterization of an analogous minor isomer) was observed by 
analysis of the 1H NMR spectrum of the crude product mixture (rr = 8:1). 
1H NMR (500 MHz, CDCl3): δ 7.63 (nfod, J = 8.3 Hz, 2H, H3’), 7.57 (nfod, J = 8.5 Hz, 2H, H3), 
7.55 (nfod, J = 8.5 Hz, 2H, H2), 7.12 (nfod, J = 8.4 Hz, 2H, H2’), 5.66 (s, 2H, CH2O), 5.64 (s, 2H, 
CH2O), 0.47 [s, 9H, ArringC-Si(CH3)3], and 0.01 [s, 9H, ArringB-Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 170.4, 169.7, 148.8, 147.7, 147.3, 144.7, 144.4, 142.3, 136.3, 
132.9, 132.4, 132.1, 130.8, 130.4, 130.0, 129.4, 127.5, 123.0, 118.23, 118.18, 113.0, 112.5, 105.2, 
94.1, 68.8, 68.6, 1.7, and 1.6. 
IR (neat): 2954, 2933, 2228, 1758, 1456, 1400, 1361, 1249, 1108, 1032, 1000, and 841 cm-1.  
HRMS (ESI-TOF): Calcd for C36H30N2NaO4Si2+ [M+Na+] requires 633.1636; found 633.1647.  






Following general procedure C, the naphthalene derivative 16a was prepared from a mixture of 
the tetrayne 14a46 (26 mg, 0.050 mmol) and triyne 7a (38 mg, 0.20 mmol) in CHCl3 (1.0 mL). 
The crude product was purified by MPLC (hexanes:EtOAc 1.5:1) to yield the heterodimer 16a 

































  190 
 
1H NMR (500 MHz, CDCl3): δ 8.14 (nfod, J = 8.3 Hz, 2H, H3’’), 7.98 (s, 1H, Naph–H), 7.93 
(nfod, J = 8.4 Hz, 2H, H3’), 7.48 (nfod, J = 8.4 Hz, 2H, H2’’), 7.18 (nfod, J = 8.4 Hz, 2H, H2’), 
5.83 (s, 2H, CH2O), 4.08 (s, 2H, H10), 4.00 (s, 3H, OCH3), 3.97 (s, 2H, H8), 3.92 (s, 3H, OCH3), 
3.84 (s, 6H, malonyl-CH3), and 0.92 [s, 9H, C(CH3)3]. 
nOe & HMBC: The interaction indicated on structure 16a supported the assignment of 
regiochemical orientation for this product. 
13C NMR (126 MHz, CDCl3): δ 171.6, 170.6, 167.2, 166.5, 145.5, 144.3, 143.1, 140.7, 135.5, 
133.0, 131.6, 131.4, 130.2, 130.1, 129.7, 129.6, 129.0, 127.1, 125.5, 125.4, 123.9, 122.5, 111.1, 
99.1, 89.4, 78.9, 70.9, 59.3, 53.6, 52.4, 41.9, 41.2, 30.4, and 28.1 (one methoxy carbon was not 
discernible). 
IR (neat): 2957, 2928, 2860, 2118, 1769, 1731, 1719, 1652, 1435, 1273, 1107, and 830 cm-1.  
HRMS (ESI-TOF): Calcd for C43H36NaO10+ [M+Na+] requires 735.2201; found 735.2173.  






Following general procedure C, the naphthalene derivative 16b was prepared from a mixture of 
the tetrayne 14b46 (23 mg, 0.049 mmol) and triyne 7b (57 mg, 0.20 mmol) in CHCl3 (1.0 mL). 
The crude product was purified by MPLC (hexanes:EtOAc 2:1) to yield the heterodimer 16b (19 
mg, 0.025 mmol, 51%) as a white solid. 
1H NMR (500 MHz, CDCl3): δ 8.04 (s, 1H, Naph–H), 7.29 (nfod, J = 8.6 Hz, 2H, H2’’), 7.18 
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5.81 (s, 2H, CH2O), 4.05 (s, 2H, H10), 3.96 (s, 2H, H8), 3.87 (s, 3H, Ar–ArOCH3), 3.83 (s, 6H, 
malonyl-CH3), 3.81 (s, 3H, ≡CArOCH3), 1.00 {d, J = 6.8 Hz, 18H, Si[CH(CH3)2]3}, and 0.96–
0.89 [m, 3H, Si(CH)3]. 
nOe & HMBC: The interaction indicated on structure 16b supported the assignment of 
regiochemical orientation for this product. 
13C NMR (126 MHz, CDCl3) δ 171.8, 170.7, 160.2, 159.3, 145.2, 143.1, 140.8, 134.3, 134.0, 
133.4, 132.7, 132.3, 130.8, 125.0, 124.8, 124.2, 123.2, 115.0, 114.1, 113.2, 105.7, 103.7, 100.1, 
86.3, 70.8, 59.4, 55.5, 55.0, 53.6, 41.9, 41.3, 18.9, and 11.7. 
IR (neat): 2953, 2864, 2197, 2130, 1772, 1735, 1601, 1509, 1457, 1400, 1285, 1248, 1170, 1028, 
and 826 cm-1.  
HRMS (ESI-TOF): Calcd for C46H48NaO8Si+ [M+Na+] requires 779.3011; found 779.3000. 
Mp: 240–243 ºC.  
______________________________________________________________________________ 
4-Methyl-7-(methylsulfonyl)-9-(naphthalen-1-ylethynyl)-5-(prop-1-yn-1-yl)-10-




Following general procedure C, the naphthalene derivatives 16c and 16c’ were prepared from a 
mixture of tetrayne 14c (20 mg, 0.081 mmol) and triyne 7c (106 mg, 0.32 mmol) in CHCl3 (1.6 
mL). The crude product mixture was purified by MPLC (hexanes:EtOAc 2.5:1) to yield, in the 
order of elution, the heterodimers 16c’ (11 mg, 0.019 mmol, 24%) and 16c (18 mg, 0.031 mmol, 
39%), each as a white solid. 
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1H NMR (500 MHz, CDCl3): δ 8.32 (d, J = 8.1 Hz, 1H, H8’), 7.93 (two d’s, J = 7.6 Hz, 2H, 
overlapped H2’ and H5’), 7.91 (dd, J = 7.5, 1.3 Hz, 1H, H4’), 7.61–7.53 (m, 3H, H3’, H6’, and 
H7’), 5.84 (s, 2H, CH2O), 5.75 (s, 2H, H8), 4.86 (s, 2H, H6), 2.89 (s, 3H, ArCH3), 2.74 (s, 3H, 
O2S-CH3), 2.19 (s, 3H, ≡CCH3), and 0.57 [s, 9H, Si(CH3)3]. 
nOe & HMBC: The interaction indicated on structure 16c’ for a pair of resonances in the minor 
isomer supported the assignment of regiochemical orientation for each of the two constitutional 
isomers. 
13C NMR (126 MHz, CDCl3) δ 170.9, 146.5, 143.1, 140.9, 137.9, 133.5, 133.3, 132.2, 131.2, 
130.7, 129.9, 129.0, 128.9, 128.8, 128.6, 127.3, 126.8, 125.9, 125.8, 120.4, 120.1, 98.9, 97.5, 95.8, 
75.7, 71.5, 57.8, 54.6, 35.1, 19.8, 5.0, and 2.2.  
IR (neat): 2957, 2930, 2216, 1762, 1652, 1401, 1334, 1247, 1217, 1154, 1096, 1043, 827, and 
803 cm-1.  
HRMS (ESI-TOF): Calcd for C34H31NNaO4SSi+ [M+Na+] requires 600.1635; found 600.1648.  
Mp: 268–272 ºC.  
Data for 16c 
1H NMR (500 MHz, CDCl3): δ 8.27–8.23 (nfom, 1H, H8’), 7.90 (d, J = 7.2 Hz, 1H, H4’), 7.90–
7.88 (nfom, 1H, H5’), 7.77 (dd, J = 7.1, 1.0 Hz, 1H, H2’), 7.56–7.49 (m, 3H, H3’, H6’, and H7’), 
5.62 (s, 2H, CH2O), 5.11 (s, 2H, H10), 4.90 (s, 2H, H8), 3.29 (s, 3H, ArCH3), 2.98 (s, 3H, O2S-
CH3), 2.17 (s, 3H, ≡CCH3), and 0.59 [s, 9H, Si(CH3)3]. 
nOe & HMBC: The interactions indicated on structure 16c for pairs of resonances of the major 
isomer supported the assignment of regiochemical orientation for each of the two constitutional 
isomers. 
13C NMR (126 MHz, CDCl3) δ 170.7, 144.7, 143.8, 140.2, 138.2, 136.2, 133.5, 133.3, 130.0, 
129.9, 129.5, 128.7, 128.7, 128.1, 127.1, 126.8, 126.1, 125.5, 123.0, 122.6, 121.1, 102.7, 98.5, 
96.7, 76.4, 69.2, 55.3, 54.8, 35.8, 23.2, 5.0, and 2.2. 
IR (neat): 3055, 2944, 2896, 2218, 1759, 1404, 1346, 1323, 1241, 1154, 1098, 1023, 826, 796, 
and 763 cm-1.  
HRMS (ESI-TOF): Calcd for C34H31NNaO4SSi+ [M+Na+] requires 600.1635; found 600.1657.  
Mp: decomposition > ca. 250 ºC.  






Following general procedure C, the anthracene derivative 16d was prepared from a mixture of 
tetrayne 14d46 (28 mg, 0.060 mmol) and 5-(tert-butyldimethylsilyl)penta-2,4-diyn-1-yl propiolate 
(74 mg, 0.30 mmol) in CHCl3 (1.2 mL). The crude product was purified by MPLC 
(hexanes:EtOAc 1.7:1) to yield the heterodimer 16d (30 mg, 0.042 mmol, 70%) as a yellow 
crystalline solid.  
1H NMR (500 MHz, CDCl3): δ 8.15–8.14 (nfom, 1H, H3’’a), 8.14–8.12 (nfom, 1H, H3’’b), 8.05 
(s, 1H, ArH), 7.92 (nfod, J = 8.3 Hz, 2H, H3’), 7.53–7.50 (nfom, 1H, H2’’a), 7.50–7.47 (nfom, 
1H, H2’’b), 7.16 (nfod, J = 8.3 Hz, 2H, H2’), 5.82 (d, J = 16.1 Hz, 1H, CHaHbO), 5.77 (dddd, J = 
6.8, 6.8, 2.5, 2.5 Hz, 1H, AcOCH), 5.75 (d, J = 16.1 Hz, 1H, CHaHbO), 4.00 (s, 3H, OCH3), 3.91 
(s, 3H, OCH3), 3.85 (dd, J = 17.0, 6.8 Hz, 1H, H10a), 3.69 (dd, J = 18.1, 6.8 Hz, 1H, H8a), 3.47 
(dd, J = 17.1, 2.2 Hz, 1H, H10b), 3.42 (dd, J = 18.0, 2.4 Hz, 1H, H8b), 2.10 (s, 3H, O=CCH3), 
0.85 [s, 9H, SiC(CH3)3], and -0.12 [s, 6H, Si(CH3)2]. 
nOe & HMBC: The interaction indicated on structure 16d supported the assignment of 
regiochemical orientation for this product. 
13C NMR (126 MHz, CDCl3) δ 171.0, 170.4, 167.2, 166.4, 145.5, 145.2, 142.8, 141.8, 136.2, 
133.0, 131.55, 131.54, 131.52, 130.9, 130.2, 129.9, 129.6, 129.06, 129.04, 127.0, 125.6, 124.4, 
123.8, 123.1, 105.5, 103.6, 99.1, 89.5, 73.7, 70.8, 52.4, 52.4, 41.4, 40.5, 26.3, 21.4, 17.1, and -4.9. 
(each two carbons at both 2’’ and 3’’ positions are diastereotopic) 
IR (neat): 2968, 2930, 2864, 2137, 1772, 1732, 1720, 1652, 1455, 1373, 1275, 1237, 1105, 1028, 
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HRMS (ESI-TOF): Calcd for C43H40NaO8Si+ [M+Na+] requires 735.2385; found 735.2409  





Following general procedure C, the anthracene derivative 18 was prepared from a mixture of 
pentayne 17 (see Chapter 6) (22 mg, 0.049 mmol) and 5-(tert-butyldimethylsilyl)penta-2,4-diyn-
1-yl propiolate (49 mg, 0.20 mmol) in CHCl3 (1.0 mL). The crude product was purified by MPLC 
(hexanes:EtOAc 9:1) to yield the heterodimer 18 (12 mg, 0.017 mmol, 35%, via the naphthyne 
17-naphthyne) as a dark red, amorphous solid.  
1H NMR (500 MHz, CDCl3): δ 8.03 (nfod, J = 7.7 Hz, 1H, H4), 8.01 (s, 1H, H16), 7.98 (nfod, J 
= 7.6 Hz, 1H, H7), 7.65 (nfod, J = 7.5 Hz, 2H, PhHo), 7.56 (dd, J = 7.5, 7.5 Hz, 1H, H6), 7.47 (d, 
J = 7.1 Hz, 1H, H10), 7.46–7.38 (m, 4H, PhHm+p and H5), 6.99 (dd, J = 7.3, 7.3 Hz, 1H, H11), 
6.72 (ddd, J = 7.6, 7.6, 0.9 Hz, 1H, H12), 6.14 (s, 2H, CH2O), 5.35 (d, J = 7.7 Hz, 1H, H13), 0.80 
[s, 9H, SiC(CH3)3], 0.56 [s, 9H, Si(CH3)3], and -0.10 [s, 6H, Si(CH3)2]. 
nOe & HMBC: The interaction indicated on structure 18 supported the assignment of 
regiochemical orientation for this product. 
13C NMR (126 MHz, CDCl3) δ 195.5, 170.6, 147.9, 146.5, 145.5, 144.6, 142.5, 141.0, 140.8, 
139.7, 139.5, 136.8, 136.7, 134.7, 134.6, 133.9, 133.8, 132.5, 130.0, 129.5, 129.0, 128.4, 127.9, 
127.5, 127.2, 127.0, 126.9, 125.2, 125.1, 124.9, 123.4, 122.9, 106.0, 103.5, 73.5, 26.4, 17.0, 1.8, 
and -4.3. 
IR (neat): 2952, 2928, 2855, 2133, 1771, 1708, 1461, 1397, 1351, 1249, 1197, 1023, 813, and 
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LRMS (APCI+): Calcd for C46H41O3Si2+ [M+H+] requires 697.2589; found 697.3 (no ESI signal 
could be observed). 
______________________________________________________________________________ 
11-((tert-Butyldimethylsilyl)ethynyl)-8,9-dimethoxy-4-methyl-5-(trimethylsilyl)-1H-




Following general procedure C, the anthracene derivatives 20 and 20’ were prepared from a 
mixture of triyne 19 (16 mg, 0.049 mmol) and 5-(tert-butyldimethylsilyl)penta-2,4-diyn-1-yl 
propiolate (62 mg, 0.25 mmol) in CHCl3 (1.0 mL). The crude product was purified by MPLC 
(hexanes:EtOAc 5:1) to yield, in the order of elution, the heterodimers 20 (11 mg, 0.019 mmol, 
39%) as a cherry-red amorphous solid and 20’ (8.0 mg, 0.014 mmol, 29%) as an orange 
crystalline solid.  
Data for 20 
1H NMR (500 MHz, CDCl3): δ 8.13 (s, 1H, H12), 7.72 (s, 1H, H10), 7.13 (s, 1H, H7), 5.83 (s, 
2H, CH2O), 4.02 (s, 3H, OCH3), 3.93 (s, 3H, OCH3), 2.77 (s, 3H, ArCH3), 0.87 [s, 9H, 
SiC(CH3)3], 0.47 [s, 9H, Si(CH3)3], and 0.06 [s, 6H, Si(CH3)2]. 
nOe & HMBC: The interaction indicated on structure 20 supported the assignment of 
regiochemical orientation for this product. 
13C NMR (126 MHz, CDCl3) δ 194.5, 170.4, 152.7, 149.3, 147.0, 143.7, 141.7, 140.5, 139.8, 
139.2, 132.3, 131.7, 130.0, 125.6, 125.1, 122.2, 112.1, 106.9, 106.2, 104.9, 72.7, 56.6, 56.4, 26.2, 
24.3, 16.9, 2.4, and -4.9.  
IR (neat): 2951, 2930, 2855, 2143, 1768, 1707, 1590, 1484, 1381, 1294, 1248, 1216, 1105, 1026, 
889, 840, and 776 cm-1.  
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Data for 20’ 
1H NMR (500 MHz, CDCl3): δ 8.15 (s, 1H, H4), 7.22 (s, 1H, H9), 7.07 (s, 1H, H12), 5.85 (s, 2H, 
CH2O), 4.05 (s, 3H, OCH3), 3.95 (s, 3H, OCH3), 3.16 (s, 3H, ArCH3), 1.03 [s, 9H, SiC(CH3)3], 
0.46 [s, 9H, Si(CH3)3], and 0.24 [s, 6H, Si(CH3)2]. 
nOe & HMBC: The interaction indicated on structure 20’ supported the assignment of 
regiochemical orientation for this product. 
13C NMR (126 MHz, CDCl3) δ 194.0, 170.0, 154.0, 149.8, 147.1, 144.3, 142.1, 141.0, 139.7, 
139.04, 139.00, 131.5, 126.9, 124.4, 124.0, 123.8, 108.2, 107.2, 106.5, 103.3, 72.3, 56.8, 56.4, 
28.6, 26.4, 17.1, 2.5, and -4.7. 
IR (neat): 2952, 2856, 2114, 1769, 1701, 1591, 1494, 1459, 1371, 1313, 1244, 1086, 1021, 865, 
and 824 cm-1. 
HRMS (ESI-TOF): Calcd for C33H38NaO5Si2+ [M+Na+] requires 593.2150; found 593.2134  








Following general procedure C, the naphthalene derivatives 21 and 21’ were prepared from a 
mixture of tetrayne 14a46 (26 mg, 0.050 mmol) and diyne 7e (56 mg, 0.25 mmol) in CHCl3 (1.0 









































  197 
 
order of elution, the heterodimers 21 (18 mg, 0.024 mmol, 48%) and 21’ (4.0 mg, 5.3 umol, 11%), 
each as a white solid. 
Data for 21 
1H NMR (500 MHz, CDCl3): δ 8.50 (s, 1H, ArH), 7.85 (d, J = 7.9 Hz, 2H, H3’’), 7.66 (d, J = 7.7 
Hz, 2H, H3’), 7.05 (nfod, J = 7.8 Hz, 2H, H2’), 6.99 (d, J = 7.9 Hz, 2H, H2’’), 6.49 (s, 2H, 
mesityl-H), 4.74 (s, 2H, CH2O), 4.22 (s, 2H, H10), 4.01 (s, 2H, H8), 3.94 (s, 3H, OCH3), 3.89 (s, 
3H, OCH3), 3.86 (s, 6H, malonyl-CH3), 2.09 (s, 3H, ArparaCH3), 1.70 (s, 6H, ArorthoCH3). 
nOe & HMBC: The interaction indicated on structure 21 supported the assignment of 
regiochemical orientation for this product. 
13C NMR (126 MHz, CDCl3) δ 172.0, 171.1, 167.1, 166.5, 144.5, 142.4, 141.2, 138.63, 138.59, 
138.2, 134.9, 134.6, 133.6, 132.5, 131.5, 131.3, 129.9, 129.5, 129.0, 128.6, 128.4, 128.0, 127.1, 
124.0, 122.9, 122.6, 99.2, 89.6, 70.1, 59.0, 53.5, 52.4, 52.2, 42.1, 41.0, 20.8, 20.6, and 0.1. 
IR (neat): 2998, 2951, 2851, 2206, 1769, 1722, 1605, 1435, 1273, 1248, 1173, 1107, 1017, 855, 
and 766 cm-1.  
HRMS (ESI-TOF): Calcd for C46H38NaO10+ [M+Na+] requires 773.2357; found 773.2361.  
Mp: 268–273 ºC.  
Data for 21’ 
1H NMR (500 MHz, CDCl3): δ 7.86 (nfod, J = 8.4 Hz, 2H, H3’), 7.66 (nfod, J = 8.2 Hz, 2H, 
H3’’), 7.50 (s, 1H, ArH), 7.00 (nfod, J = 8.3 Hz, 2H, H2’), 6.97 (nfod, J = 8.2 Hz, 2H, H2’’), 6.43 
(s, 2H, mesityl-H), 5.91 (s, 2H, CH2O), 4.16 (s, 2H, H10), 3.98 (s, 2H, H8), 3.95 (s, 3H, OCH3), 
3.89 (s, 3H, OCH3), 3.86 (s, 6H, malonyl-CH3), 2.08 (s, 3H, ArparaCH3), 1.71 (s, 6H, ArorthoCH3). 
nOe & HMBC: The interaction indicated on structure 21’ supported the assignment of 
regiochemical orientation for this product. 
13C NMR (126 MHz, CDCl3) δ 171.8, 171.1, 167.1, 166.5, 144.8, 144.7, 142.5, 140.3, 138.2, 
137.6, 135.8, 135.5, 133.7, 131.5, 130.0, 129.6, 128.7, 128.3, 128.2, 128.1, 127.0, 125.9, 124.7, 
124.2, 122.8, 99.3, 89.4, 71.0, 59.2, 53.7, 52.4, 52.2, 42.2, 41.3, 21.2, 20.8, and 0.2 (one sp2 
carbon was not discernible). 
IR (neat): 2952, 2920, 2852, 2206, 1769, 1760, 1721, 1604, 1435, 1274, 1247, 1107, 1020, and 
768 cm-1.  
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HRMS (ESI-TOF): Calcd for C46H38NaO10+ [M+Na+] requires 773.2357; found 773.2342.  





Following general procedure C, the naphthalene derivative 25a was prepared from a mixture of 
tetrayne 2246 (40 mg, 0.098 mmol), phenylacetylene (55 uL, 0.50 mmol), and dimethyl but-2-
ynedioate (62 uL, 0.50 mmol) in CHCl3 (2.0 mL). The crude product mixture was purified by 
MPLC (hexanes:EtOAc 4:1) to yield the three-component product 25a (26 mg, 0.040 mmol, 41%) 
as a yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.80 (s, 1H, NaphC7–H), 7.27–7.20 (m, 3H, ≡CPhHm+p), 7.14 (br 
d, J = 7.3 Hz, 2H, ≡CPhHo), 7.00–6.91 (m, 8H, C5-PhH5 and C6-PhHm+p), 6.89–6.83 (nfom, 2H, 
C6-PhHo), 4.15 (s, 3H, C9–CO2CH3), 4.08 (s, 2H, H1), 3.96 (s, 2H, H3), 3.92 (s, 3H, C8–
CO2CH3), and 3.82 (s, 6H, malonyl-CH3). 
nOe & HMBC: The interactions for the indicated pairs of resonances on structure 25a supported 
the assignment of constitution for this product. 
Isomers 25a’ and 25a’’, which could be derived from the isomeric BCB intermediate 27a’ and 
which would have similar NOESY interactions, were ruled out by comparing the 1H NMR 
chemical shifts of C1H2 and C3H2 of 25a with the spectral data of a previously reported 
compound 25a’’’.60 Namely, C1H2 and C3H2 are quite differentially shielded in 25a’’’ and would 











(5 equiv) (5 equiv)
CHCl3 (0.05 M)
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13C NMR (126 MHz, CDCl3) δ 172.0, 170.9, 166.1, 143.8, 143.5, 143.0, 141.2, 140.6, 134.7, 
133.6, 132.1, 131.7, 131.6, 129.9, 129.6, 128.7, 128.3, 127.9, 127.4, 127.1, 126.7, 126.4, 125.1, 
122.99, 122.96, 98.9, 87.4, 59.3, 53.4, 53.1, 52.8, 41.3, and 41.2. 
IR (neat): 3024, 2952, 2205, 1734, 1493, 1436, 1261, 1239, 1202, 1139, 1075, and 755 cm-1.  
HRMS (ESI-TOF): Calcd for C41H32NaO8+ [M+Na+] requires 675.1989; found 675.1956.  





Following general procedure C, the naphthalene derivative 25b was prepared from a mixture of 
tetrayne 22 (40 mg, 0.098 mmol), 2,4-hexadiyne (39 mg, 0.50 mmol), and dimethyl but-2-
ynedioate (62 uL, 0.50 mmol) in CHCl3 (2.0 mL). The crude product mixture was purified by 
MPLC (hexanes:EtOAc 4:1) to yield the three-component product 25b (23 mg, 0.037 mmol, 38%) 
as a pale yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.47 (br dd, J = 7.4, 7.4 Hz, 2H, Ar-PhHm), 7.39 (br d, J = 7.4 Hz, 
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7.12 (nfom, 2H, ≡CPhHo), 4.01 (s, 3H, C9–CO2CH3), 3.93 (s, 3H, C8–CO2CH3), 3.90 (s, 2H, H3), 
3.85 (s, 2H, H1), 3.77 (s, 6H, malonyl-CH3), 2.43 (s, 3H, ArCH3), and 1.59 (s, 3H, ≡CCH3). 
nOe & HMBC: The interactions for the indicated pairs of resonances on structure 22b supported 
the assignment of constitution for this product. 
13C NMR (126 MHz, CDCl3) δ 171.9, 169.7, 168.9, 143.0, 141.8, 140.4, 136.8, 134.2, 132.3, 
132.1, 131.7, 131.1, 128.6, 128.3, 127.6, 127.5, 127.4, 125.2, 124.9, 123.2, 122.1, 105.4, 99.0, 
87.6, 78.4, 59.6, 53.3, 53.1, 52.9, 41.6, 41.2, 19.40, and 5.39. 
IR (neat): 2953, 2922, 2851, 2214, 1735, 1491, 1435, 1248, 1201, 1161, 1070, 1050, 755 cm-1.  
HRMS (ESI-TOF): Calcd for C39H32NaO8+ [M+Na+] requires 651.1989; found 651.1969.  





Following general procedure C, the naphthalene derivative 25c was prepared from a mixture of 
tetrayne 22 (20 mg, 0.049 mmol), 4-methoxyphenylacetylene (33 mg, 0.25 mmol), and dimethyl 
but-2-ynedioate (36 mg, 0.25 mmol) in CHCl3 (1.0 mL). The crude product mixture was purified 
by MPLC (hexanes:EtOAc 3:1) to yield the three-component product 25c (15 mg, 0.021 mmol, 
43%) as an amorphous solid. 
1H NMR (500 MHz, CDCl3): δ 7.80 (s, 1H, NaphC7–H), 7.26–7.20 (m, 3H, ≡CPhHm+p), 7.16–
7.12 (m, 2H, ≡CPhHo), 7.02–6.98 (m, 3H, C5-PhHm+p), 6.93–6.90 (m, 2H, C5-PhHo), 6.77 (nfod, 
J = 8.8 Hz, 2H, H2’), 6.49 (nfod, J = 8.6 Hz, 2H, H3’), 4.15 (s, 3H, C9–CO2CH3), 4.07 (s, 2H, 











(5 equiv) (5 equiv)
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nOe & HMBC: Interactions for the indicated pairs of resonances on structure 25c supported the 
assignment of constitution for this product. 
13C NMR (126 MHz, CDCl3) δ 172.0, 170.9, 166.2, 158.1, 143.6, 143.5, 141.2, 140.8, 135.7, 
134.6, 133.8, 131.8, 131.6, 131.4, 131.0, 129.5, 128.7, 128.3, 127.9, 127.1, 126.6, 125.1, 123.0, 
122.9, 113.1, 98.8, 87.5, 59.3, 55.5, 53.4, 53.1, 52.8, 41.3, and 41.2. 
IR (neat): 3000, 2952, 2837, 2205, 1735, 1511, 1437, 1245, 1203, 1174, 1138, and 757 cm-1.  





Following general procedure C, the naphthalene derivative 25c was prepared from a mixture of 
tetrayne 22 (20 mg, 0.049 mmol), 4-methoxycarbonylphenylacetylene (40 mg, 0.25 mmol), and 
dimethyl but-2-ynedioate (36 mg, 0.25 mmol) in CHCl3 (1.0 mL). The crude product mixture was 
purified by MPLC (hexanes:EtOAc 2.5:1) to yield the three-component product 25c (11 mg, 
0.015 mmol, 32%) as a pale yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.77 (s, 1H, NaphC7–H), 7.62 (nfod, J = 8.4 Hz, 2H, H3’), 7.25–
7.20 (m, 3H, ≡CPhHm+p), 7.15–7.12 (m, 2H, ≡CPhHo), 6.98–6.95 (m, 3H, C5-PhHm+p), 6.95–6.91 
(m, 4H, C5-PhHo and H2’), 4.15 (s, 3H, C9–CO2CH3), 4.08 (s, 2H, H1), 3.96 (s, 2H, H3), 3.93 (s, 
3H, C8–CO2CH3), 3.90 (s, 3H, C4’–CO2CH3), and 3.82 (s, 6H, malonyl-CH3). 
nOe & HMBC: Interactions for the indicated pairs of resonances on structure 25c supported the 










(5 equiv) (5 equiv)
CHCl3 (0.05 M)
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13C NMR (126 MHz, CDCl3) δ 172.0, 170.7, 167.0, 165.9, 147.7, 143.1, 142.6, 141.6, 140.3, 
134.9, 133.4, 132.7, 131.71, 131.68, 129.8, 129.4, 128.8, 128.7, 128.4, 128.4, 127.8, 127.3, 127.1, 
125.1, 123.2, 122.9, 99.2, 87.2, 59.3, 53.4, 53.2, 52.9, 52.2, 41.3, and 41.2. 
IR (neat): 3000, 2952, 2844, 2206, 1728, 1726, 1436, 1268, 1239, 1203, 1113, and 758 cm-1.  
HRMS (ESI-TOF): Calcd for C43H34NaO10+ [M+Na+] requires 733.2044; found 733.2017.  





Following general procedure C, the dihydronaphthalene derivative 25e was prepared from a 
mixture of tetrayne 22 (20 mg, 0.049 mmol), 2,4-hexadiyne (20 mg, 0.25 mmol), and 1-phenyl-
1H-pyrrole-2,5-dione (43 mg, 0.25 mmol) in CHCl3 (1.0 mL). The crude product mixture was 
purified by MPLC (hexanes:EtOAc 3:1) to yield the three-component product 25e (18 mg, 0.027 
mmol, 56%) as an amorphous solid. 
1H NMR (500 MHz, CDCl3): δ 7.51 (br d, J = 7.6 Hz, 1H, C6-PhHo-a), 7.48–7.36 (m, 5H, 
≡CPhHo and C6–PhHm+p), 7.33–7.28 (m, 3H, ≡CPhHm+p), 7.25–7.21 (m, 3H, N–PhHm+p), 7.17 (br 
d, J = 7.5 Hz, 1H, C6–PhHo-b), 7.13–7.10 (m, 2H, N–PhHo), 4.44 (d, J = 9.3 Hz, 1H, H10c), 4.00 
(br d, J = 9.5 Hz, 1H, H3a), 3.96 (d, J = 17.7 Hz, 1H, H8a), 3.94 (d, J = 16.4 Hz, 1H, H10a), 3.81 
(d, J = 16.5 Hz, 1H, H10b), 3.80 (s, 3H, malonyl-CH3-a), 3.77 (s, 3H, malonyl-CH3-b), 3.76 (d, J = 
17.5 Hz, 1H, H8b), 2.16 [d, J = 1.4 Hz, 3H, =CCH3], and 1.45 [s, 3H, ≡CCH3]. 
nOe & HMBC: Interactions for the indicated pairs of resonances on structure 25e supported the 








(5 equiv) (5 equiv)
CHCl3 (0.05 M)
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13C NMR (126 MHz, CDCl3) δ 175.4, 174.7, 172.3, 171.6, 142.3, 141.6, 141.1, 139.5, 135.4, 
131.9, 131.6, 131.6, 131.3, 130.8, 129.3, 128.8, 128.6, 128.3, 127.4, 127.2, 127.0, 126.4, 123.4, 
123.4, 121.6, 119.5, 98.0, 97.6, 87.2, 77.4, 59.6, 53.33, 53.28, 47.0, 43.5, 41.3, 40.3, 20.2, and 4.8. 
The slow rotation of the C6-phenyl ring renders the two pairs of the carbon signals inequivalent 
(diastereotopic). This is also evident in the 1H NMR spectrum. 
IR (neat): 3056, 2953, 2914, 2191, 1734, 1719, 1492, 1376, 1250, 1199, 1167, and 756 cm-1.  





Following general procedure C, the dihydronaphthalene derivative 25f was prepared from a 
mixture of tetrayne 22 (20 mg, 0.049 mmol), phenylacetylene (26 mg, 0.25 mmol), and 1-(4-
isopropylphenyl)-1H-pyrrole-2,5-dione (54 mg, 0.25 mmol) in CHCl3 (1.0 mL). The crude 
product mixture was purified by MPLC (hexanes:EtOAc 3:1) to yield the three-component 
product 25f (15 mg, 0.021 mmol, 42%) as a pale yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.28 (nfod, J = 8.4 Hz, 2H, H3’), 7.23–7.20 (m, 3H, ≡CPhHm+p), 
7.18 (nfod, J = 8.5 Hz, 2H, H2’), 7.13–7.10 (m, 2H, ≡CPhHo), 7.07 (br d, J = 7.6 Hz, 1H, C6-
PhHo-a), 7.01 (br ddd, J = 7.5, 7.5, 1.3 Hz, 1H, C6-PhHm-a), 6.95 (br dddd, J = 7.5, 7.5, 1.3, 1.3 Hz, 
1H, C6-PhHp), 6.91 (br ddd, J = 7.6, 7.6, 1.3 Hz, 1H, C6-PhHm-b), 6.89–6.85 (m, 3H, C5-PhHm+p), 
6.80–6.76 (m, 3H, C5-PhHo and C6-PhHo-b), 5.72 (d, J = 2.1 Hz, 1H, alkene-H), 4.46 (d, J = 9.2 
Hz, 1H, H10c), 4.16 (dd, J = 9.2, 2.2 Hz, 1H, H3a), 4.05 (d, J = 16.8 Hz, 1H, H10a), 4.03 (d, J = 
17.6 Hz, 1H, H8a), 3.89 (d, J = 16.8 Hz, 1H, H10b), 3.83 (s, 3H, malonyl-CH3-a), 3.79 (s, 3H, 
malonyl-CH3-b), 3.78 (d, J = 17.8 Hz, 1H, H8b), 2.91 [sep, J = 6.8 Hz, 1H, CH(CH3)2], 1.229 [d, J 









(5 equiv) (5 equiv)
CHCl3 (0.05 M)
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nOe & HMBC: The interactions for the indicated pairs of resonances on structure 25f supported 
the assignment of constitution for this product. 
13C NMR (126 MHz, CDCl3) δ 177.0, 175.1, 172.3, 171.7, 149.6, 143.43, 143.41, 142.2, 141.7, 
140.0, 139.9, 131.8, 131.5, 131.4, 130.8, 129.4, 128.34, 128.28, 127.9, 127.5, 127.4, 127.2, 126.7, 
126.7, 126.4, 126.3, 126.2, 123.8, 123.4, 121.4, 97.2, 86.9, 59.6, 53.37, 53.35, 43.5, 43.1, 41.5, 
40.4, 34.1, and 24.0 (br). The slow rotation of the C6-phenyl ring renders the two pairs of the 
carbon signals inequivalent (diastereotopic). This is also evident in the 1H NMR spectrum. 
IR (neat): 3055, 2957, 2929, 2208, 1736, 1718, 1515, 1492, 1380, 1277, 1166, 1072, 756, and 
695 cm-1.  
HRMS (ESI-TOF): Calcd for C48H39NNaO6+ [M+Na+] requires 748.2670; found 748.2668.  





Following general procedure C, the naphthalene derivative 25g was prepared from a mixture of 
triyne 7d (25 mg, 0.10 mmol), 2,4-hexadiyne (39 mg, 0.50 mmol), and dimethyl but-2-ynedioate 
(72 mg, 0.50 mmol) in CHCl3 (2.0 mL). The crude product mixture was purified by MPLC 
(hexanes:EtOAc 4:1) to yield the three-component product 25g (26 mg, 0.056 mmol, 55%) as an 
amorphous white solid. 
1H NMR (500 MHz, CDCl3): δ 8.40 (s, 1H, Ar-H), 5.43 (s, 2H, CH2O), 4.00 (s, 3H, C9-CO2CH3), 
3.96 (s, 3H, C8-CO2CH3), 2.64 (s, 3H, ArCH3), 2.25 (s, 3H, ≡CCH3), 1.05 [s, 9H, SiC(CH3)3], 
and 0.51 [s, 6H, Si(CH3)2]. 
nOe & HMBC: Interactions for the indicated pairs of resonances on structure 25g supported the 




(5 equiv) (5 equiv)
CHCl3 (0.05 M)
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13C NMR (126 MHz, CDCl3) δ 171.0, 168.9, 168.0, 146.6, 142.0, 141.3, 140.5, 132.9, 132.1, 
128.4, 127.5, 123.2, 123.2, 104.6, 81.3, 70.0, 53.5, 53.1, 28.6, 20.2, 19.6, 6.4, and 0.0.  
IR (neat): 2953, 2886, 2858, 2220, 1772, 1735, 1437, 1368, 1260, 1220, 1070, 822, and 761 cm-
1.  





Following general procedure C, the naphthalene derivative 25h was prepared from a mixture of 
triyne 7d (25 mg, 0.10 mmol) and 2,4-hexadiyne (78 mg, 1.0 mmol) in CHCl3 (2.0 mL). The 
crude product mixture was purified by MPLC (hexanes:EtOAc 10:1) to yield the three-
component product 25h (15 mg, 0.037 mmol, 37%) as a white solid. 
1H NMR (500 MHz, CDCl3): δ 8.28 (s, 1H, Ar-H), 5.95 (s, 2H, CH2O), 2.61 (s, 3H, C7-CH3), 
2.59 (s, 3H, C8-CH3), 2.25 (s, 3H, C9-C≡CCH3), 2.22 (s, 3H, C6-C≡CCH3), 1.03 [s, 9H, 
SiC(CH3)3], and 0.51 [s, 6H, Si(CH3)2]. 
nOe & HMBC: Interactions for the indicated pairs of resonances on structure 25h supported the 
assignment of constitution for this product. 
13C NMR (126 MHz, CDCl3) δ 172.0, 147.9, 143.5, 140.0, 139.93, 139.88, 131.0, 128.0, 123.4, 
121.9, 119.9, 101.3, 97.3, 82.6, 79.6, 71.8, 28.6, 19.9, 19.6, 19.1, 6.4, 5.1, and 0.1. 
IR (neat): 2931, 2913, 2858, 2221, 1762, 1471, 1339, 1249, 1096, 1046, 818, and 763 cm-1.  
HRMS (ESI-TOF): Calcd for C26H30NaO2Si+ [M+Na+] requires 425.1907; found 425.1923.  
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Dimethyl 1,4-Bis(phenylethynyl)-5,6,7,8-tetrahydronaphthalene-2,3-dicarboxylate (33a) and 
Dimethyl 3,4-Bis(phenylethynyl)-5,6,7,8-tetrahydronaphthalene-1,2-dicarboxylate (33b) 
 
Following general procedure C, the dialkynylbenzene derivatives 33a and 33b were prepared 
from tetrayne 30 (30 mg, 0.098 mmol) and dimethyl but-2-ynedioate (61 uL, 0.50 mmol) in o-
DCB (2.0 mL). The crude product was purified by MPLC (hexanes:EtOAc 2:1) to give a 1.4:1 
coeluting mixture of the benzene derivatives 33a and 33b (26 mg, 0.058 mmol, 59%) as a pale 
yellow solid. A portion of the major regioisomer 33a was obtained as a white solid by 
recrystallization (hexanes/DCM). 
Data for 33a 
1H NMR (500 MHz, CDCl3): δ 7.55–7.50 (nfom, 4H, PhHo), 7.39–7.33 (m, 6H, PhHm+p), 3.94 (s, 
6H, CO2CH3), 3.04–2.99 (nfom, 4H, ArCH2), and 1.89–1.84 (nfom, 4H, CH2CH2). 
13C NMR (126 MHz, CDCl3) δ 167.5, 142.4, 132.3, 131.8, 129.0, 128.6, 123.1, 121.6, 100.6, 
85.4, 52.7, 29.1, and 22.4. 
IR (neat): 2939, 2858, 2209, 1730, 1492, 1441, 1348, 1282, 1244, 1163, 1071, 1022, 966, and 
755 cm-1.  
HRMS (ESI-TOF): Calcd for C30H24NaO4+ [M+Na+] requires 471.1567; found 471.1562.  
Mp: 208–211 ºC.  
Data for 33b (deduced from the spectra mixture) 
1H NMR (500 MHz, CDCl3): δ 7.58–7.55 (nfom, 2H, PhHo), 7.55–7.52 (m, 2H, PhHo), 7.38–7.31 
(m, 6H, PhHm+p), 3.94 (s, 3H, C2-CO2CH3), 3.89 (s, 3H, C1-CO2CH3), 3.03 (t, J = 6.3 Hz, 2H, 






















33a 33b(1.4 : 1)
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13C NMR (126 MHz, CDCl3) δ 168.3, 167.4, 142.8, 135.8, 132.3, 131.8, 131.7, 131.3, 128.9, 
128.8, 128.6, 128.5, 128.4, 123.3, 123.2, 122.2, 100.8, 97.5, 86.4, 86.4, 52.7, 52.6, 29.3, 27.6, 
22.3, and 22.2. 
IR (neat): 2946, 2863, 2207, 1733, 1491, 1440, 1347, 1331, 1273, 1223, 1160, 1069, 1025, 912, 
and 755 cm-1 (obtained from the mixture).  
HRMS (ESI-TOF): Calcd for C30H24NaO4+ [M+Na+] requires 471.1567; found 471.1559 
(obtained from the mixture).  






Following general procedure C, the dialkynylbenzene derivatives 36’ and 36 were prepared from 
tetrayne 30 (31 mg, 0.10 mmol), 1-phenyl-1H-pyrrole-2,5-dione (86 mg, 0.50 mmol), and 
manganese dioxide (150 mg, ca. 1.5 mmol) in toluene (2.0 mL). The reaction mixture was 
magnetically stirred. The suspension was filtered by passing through a pad of silica gel, the 
filtrate was concentrated, and the residue was subsequently purified by MPLC (hexanes:EtOAc 
7:1) to yield, in the order of elution, the benzene derivatives 36’ (8 mg) and 36 (24 mg, 0.050 
mmol, 49%), the latter as a pale yellow solid. The sample of 36’ was a coeluting mixture of 36’, 
36 (ca. 1:2) and an unidentifiable byproduct as a third component. The ratio of 36 and 36’ was ca. 
5:1, as judged from analysis of the 1H NMR spectrum of the crude mixture. 
Data for 36 
1H NMR (500 MHz, CDCl3): δ 7.70–7.66 (nfom, 2H, ≡CPhHo), 7.65–7.62 (nfom, 2H, ≡CPhHo), 





























  208 
 
PhHm and 2 PhHp), 7.37–7.32 (m, 3H, PhHm and PhHp), 3.31 (t, J = 6.2 Hz, 2H, C6–H2), 3.13 (t, J 
= 6.2 Hz, 2H, C9–H2), 1.98–1.90 (nfom, 2H, CH2CH2), and 1.90–1.83 (nfom, 2H, CH2CH2). 
13C NMR (126 MHz, CDCl3) δ 167.4, 166.0, 147.2, 138.0, 132.3, 132.0, 131.9, 131.7, 129.4, 
129.22, 129.21, 128.8, 128.7, 128.5, 128.2, 127.3, 127.0, 123.0, 122.9, 120.2, 103.1, 100.1, 86.3, 
84.6, 29.8, 26.2, 22.4, and 21.8. 
IR (neat): 3060, 2936, 2868, 2204, 1713, 1597, 1492, 1405, 1374, 1359, 1116, 765, 698, and 624 
cm-1.  
HRMS (ESI-TOF): Calcd for C34H23NNaO2+ [M+Na+] requires 500.1621; found 500.1612.  
Mp: 252–255 ºC.  
1H NMR data for 36’ (deduced from the mixture described above) 
1H NMR (500 MHz, CDCl3): δ 7.70–7.66 (m, 4H, ≡CPhHo), 7.52–7.47 (m, 4H, ≡CPhHm), 7.44–
7.36 (m, 7H, N–PhH5 and ≡CPhHp), 3.16–3.10 (m, 4H, ArCH2), and 1.97–1.90 (m, 4H, CH2CH2). 
Computational methods and results 
The DFT calculations were performed using Gaussian 09. The geometry of each structure 
(including the transition structures) was optimized at the B3LYP/6-31G(d) level of theory in the 
gas phase. The nature of the optimized structure was verified by frequency calculation (298K, at 
the same level of theory). Single point calculations were then performed at the B3LYP-D3BJ/6-
311+G(d,p) level of theory with SMD(chloroform) solvation model for each of the previously 
optimized geometries. 
For the benzocyclobutadiene (BCB) 10, an initial Monte Carlo conformational search was 
performed using MacroModel (version 11.0, MMFF forcefield) and Maestro (version 10.4.017), 
implemented in the Schrödinger software suite. Each generated conformer was then subjected to a 
DFT geometry optimization, frequency calculation, and single point calculation sequence using 
the method described in the above paragraph. The free energy of each conformer was then used to 
determine the Boltzmann averaged free energy of BCB 10. Averages due to rotameric 
populations in 7, TS1, 401, and TS2 (i.e., the species leading to 10) were assumed to be 
sufficiently similar that they could be ignored. 
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Unrestricted (broken-symmetry) calculations were carried out for transition states, and 
intermediates along the reaction coordinate having diradical character. Energies on the singlet 
potential energy surface were corrected by spin purification of the mixed-spin-state energies. 
Listed are the zero-point correction, thermal correction to Gibbs free energy, the sum of the 
electronic and thermal free energies, the Cartesian coordinates at B3LYP/6-31G(d), and 
electronic energy at SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p) for each intermediate and 
transition structure shown in Figure 4.4. For transition structures, the imaginary frequency values 
are included. The <S2> values and the corrected singlet energies 1E for all of the open-shell 
calculations are also provided. Three dimensional views of all the transition structures were 
prepared using CYLview. 
 
7 
Zero-point correction=                           0.204648 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.157856 
Sum of electronic and thermal Free Energies=         -614.593669 
E[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)]= -614.9891592 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0       -0.283089   -0.345852   -0.001514 
      2          6           0        0.926645   -0.461455   -0.002045 
      3          6           0       -1.643111   -0.217463   -0.000678 
      4          6           0       -2.854628   -0.101905    0.000224 
      5          6           0       -4.317578    0.043624    0.000715 
      6          6           0       -4.884714   -0.495773    1.335988 
      7          1           0       -5.975956   -0.390629    1.345110 
      8          1           0       -4.639360   -1.554586    1.467969 
      9          1           0       -4.477501    0.058408    2.187785 
     10          6           0       -4.911310   -0.758636   -1.182252 
     11          1           0       -4.522065   -0.394283   -2.138429 
     12          1           0       -4.668156   -1.822767   -1.097160 
     13          1           0       -6.002626   -0.653591   -1.190754 
     14          6           0       -4.676358    1.541824   -0.151874 
     15          1           0       -5.766015    1.662738   -0.152561 
     16          1           0       -4.263966    2.130473    0.673832 
     17          1           0       -4.283424    1.946394   -1.090114 
     18          6           0        2.367685   -0.642028   -0.002541 
     19          1           0        2.690001   -1.204073    0.882658 
     20          1           0        2.689668   -1.202424   -0.888918 
     21          8           0        3.001341    0.663826   -0.001523 
     22          6           0        4.352092    0.750911    0.000293 
     23          8           0        4.896768    1.828805    0.000886 
     24          6           0        5.098425   -0.498528    0.001503 
     25          6           0        5.768834   -1.503950    0.002543 
     26          1           0        6.377169   -2.381328    0.003501 





Zero-point correction=                           0.210168 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.170825 
Sum of electronic and thermal Free Energies=         -614.672155 
E[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)]= -615.0781908 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0       -0.522604   -1.973863    0.000203 
      2          6           0        0.641608   -1.514846    0.000164 
      3          6           0        1.139201   -0.210987    0.000001 
      4          6           0        0.038819    0.680768   -0.000013 
      5          6           0       -1.285925    0.213879    0.000129 
      6          6           0       -1.633535   -1.145058    0.000138 
      7          6           0       -3.129624   -1.261731   -0.000066 
      8          1           0       -3.524579   -1.767049   -0.889272 
      9          1           0       -3.524881   -1.766995    0.889034 
     10          6           0       -2.545474    0.996500    0.000391 
     11          8           0       -3.594727    0.100286   -0.000185 
     12          8           0       -2.716815    2.188915   -0.000491 
     13          6           0        2.612870    0.171496   -0.000004 
     14          6           0        2.812260    1.696581   -0.000228 
     15          1           0        3.882334    1.930439   -0.000228 
     16          1           0        2.371449    2.163400   -0.888353 
     17          1           0        2.371395    2.163669    0.887729 
     18          6           0        3.273771   -0.433027   -1.260396 
     19          1           0        4.348636   -0.218094   -1.267318 
     20          1           0        3.143491   -1.520901   -1.287895 
     21          1           0        2.836071   -0.017676   -2.175036 
     22          6           0        3.273682   -0.432642    1.260622 
     23          1           0        4.348544   -0.217697    1.267563 
     24          1           0        2.835907   -0.017018    2.175102 
     25          1           0        3.143410   -1.520509    1.288440 





Imaginary frequency= -167.93 cm-1 
<S2>=0.0000 
Zero-point correction=                           0.414787 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.348141 
Sum of electronic and thermal Free Energies=        -1229.243521 
2.18 Å





 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0       -1.752523    1.078733    0.037958 
      2          6           0       -0.580917    1.408484   -0.178570 
      3          6           0        0.700573   -0.356549   -0.083437 
      4          6           0        1.830706   -0.248644    0.493334 
      5          6           0        0.236774   -1.481444   -0.736099 
      6          6           0        2.825539   -1.244742    0.540808 
      7          6           0        1.167635   -2.524916   -0.722814 
      8          6           0       -0.982775   -1.928867   -1.488203 
      9          6           0        2.426782   -2.430583   -0.109302 
     10          6           0        4.169234   -1.037562    1.237514 
     11          6           0        0.571879   -3.666022   -1.456287 
     12          1           0       -1.891102   -1.939100   -0.876002 
     13          1           0       -1.179804   -1.331633   -2.386054 
     14          8           0       -0.681166   -3.278461   -1.888276 
     15          1           0        3.081159   -3.295942   -0.140967 
     16          6           0        5.063709   -2.287786    1.169465 
     17          6           0        3.904750   -0.681502    2.717952 
     18          6           0        4.895723    0.143844    0.554534 
     19          8           0        1.019154   -4.761659   -1.684110 
     20          1           0        6.013583   -2.093308    1.679606 
     21          1           0        4.595225   -3.148724    1.659943 
     22          1           0        5.295014   -2.567352    0.135234 
     23          1           0        4.847331   -0.467003    3.235724 
     24          1           0        3.260226    0.200790    2.796507 
     25          1           0        3.409150   -1.508184    3.239673 
     26          1           0        5.841477    0.360451    1.065692 
     27          1           0        5.118688   -0.083225   -0.494526 
     28          1           0        4.276074    1.047359    0.580951 
     29          6           0       -2.985273    0.576756    0.285662 
     30          6           0       -4.101510    0.131070    0.505975 
     31          6           0       -5.446140   -0.387437    0.784208 
     32          6           0       -5.337507   -1.561425    1.788939 
     33          1           0       -6.339187   -1.947966    2.008901 
     34          1           0       -4.736353   -2.378918    1.378102 
     35          1           0       -4.878954   -1.235360    2.727786 
     36          6           0       -6.093787   -0.878663   -0.532981 
     37          1           0       -6.178049   -0.063080   -1.258177 
     38          1           0       -5.504750   -1.682342   -0.986511 
     39          1           0       -7.099213   -1.263308   -0.327448 
     40          6           0       -6.301007    0.749514    1.398910 
     41          1           0       -7.307573    0.372989    1.614104 
     42          1           0       -5.860508    1.112808    2.332614 
     43          1           0       -6.388677    1.594035    0.708224 
     44          6           0        0.455853    2.417168   -0.443262 
     45          1           0        1.233668    2.345350    0.325769 
     46          1           0        0.933479    2.232619   -1.412746 
     47          8           0       -0.163843    3.719387   -0.432191 
  212 
 
     48          6           0        0.598569    4.826996   -0.609104 
     49          8           0        0.091623    5.922547   -0.606477 
     50          6           0        2.025929    4.624249   -0.797748 
     51          6           0        3.217871    4.509236   -0.959745 





Imaginary frequency= -577.18 cm-1 
<S2>=0.0000 
Zero-point correction=                           0.413794 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.347213 




 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0       -2.060459    1.119165   -0.424538 
      2          6           0       -3.104125    0.557467   -0.713015 
      3          6           0        1.362871    0.357515    0.186461 
      4          6           0        2.301814    0.196035   -0.664689 
      5          6           0        1.008975   -0.549971    1.166639 
      6          6           0        3.184577   -0.901642   -0.703760 
      7          6           0        1.830816   -1.680283    1.176771 
      8          6           0       -0.005015   -0.679498    2.266296 
      9          6           0        2.890369   -1.870899    0.276631 
     10          6           0        4.310501   -1.019178   -1.731214 
     11          6           0        1.365587   -2.564633    2.270376 
     12          1           0        0.075546    0.107597    3.025064 
     13          1           0       -1.038259   -0.702667    1.902301 
     14          8           0        0.294004   -1.945264    2.882628 
     15          1           0        3.464737   -2.789347    0.343869 
     16          6           0        5.090365   -2.339251   -1.597536 
     17          6           0        5.284750    0.164100   -1.530433 
     18          6           0        3.695755   -0.933978   -3.146420 
     19          8           0        1.779332   -3.637670    2.630908 
     20          1           0        5.884393   -2.379557   -2.351513 
     21          1           0        5.563961   -2.434781   -0.613682 
     22          1           0        4.443372   -3.210360   -1.751857 
     23          1           0        6.081544    0.136412   -2.283384 
     24          1           0        4.760252    1.121501   -1.623311 
     25          1           0        5.751108    0.128341   -0.539058 
     26          1           0        4.483869   -0.950512   -3.908860 
     27          1           0        3.021251   -1.777259   -3.334672 
2.15 
Å
  213 
 
     28          1           0        3.120389   -0.009471   -3.264380 
     29          6           0       -0.909085    1.752260   -0.097662 
     30          6           0        0.217739    2.175227    0.208007 
     31          6           0        1.119907    3.331607    0.520161 
     32          6           0        1.987752    3.646802   -0.718514 
     33          1           0        2.664166    4.477797   -0.487437 
     34          1           0        2.586209    2.778496   -1.009698 
     35          1           0        1.363125    3.935288   -1.570494 
     36          6           0        2.020876    3.045993    1.740290 
     37          1           0        1.424039    2.784519    2.621171 
     38          1           0        2.719904    2.230449    1.541299 
     39          1           0        2.599830    3.944841    1.979579 
     40          6           0        0.204673    4.540869    0.834290 
     41          1           0        0.820709    5.423370    1.042501 
     42          1           0       -0.450035    4.768178   -0.012571 
     43          1           0       -0.421855    4.343296    1.710132 
     44          6           0       -4.329608   -0.123261   -1.091202 
     45          1           0       -4.679241    0.228487   -2.070039 
     46          1           0       -4.159594   -1.204686   -1.168420 
     47          8           0       -5.336459    0.145692   -0.086677 
     48          6           0       -6.563983   -0.423434   -0.199967 
     49          8           0       -7.416631   -0.197173    0.622986 
     50          6           0       -6.784101   -1.298274   -1.339934 
     51          6           0       -7.019928   -2.033892   -2.269210 





Imaginary frequency= -521.17 cm-1 
<S2>=0.0000 
Zero-point correction=                           0.414510 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.349612 




 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0       -1.758584    0.528612   -0.276721 
      2          6           0       -0.674583    1.112340   -0.129930 
      3          6           0        1.588224   -0.127816   -1.261482 
      4          6           0        1.008566   -0.241151   -0.120946 
      5          6           0        2.800936   -0.753827   -1.503226 
      6          6           0        1.396401   -0.968594    1.025457 
      7          6           0        3.293448   -1.511206   -0.440344 
2.16 Å
  214 
 
      8          6           0        3.763014   -0.865370   -2.652377 
      9          6           0        2.626872   -1.622010    0.784602 
     10          6           0        0.655425   -1.106309    2.364439 
     11          6           0        4.574285   -2.123402   -0.866368 
     12          1           0        3.321204   -1.330106   -3.541579 
     13          1           0        4.203354    0.094513   -2.946949 
     14          8           0        4.815186   -1.719748   -2.162895 
     15          1           0        3.083328   -2.226831    1.558878 
     16          6           0        1.511871   -1.845134    3.414375 
     17          6           0       -0.639352   -1.925431    2.148847 
     18          6           0        0.309408    0.283983    2.944379 
     19          8           0        5.330159   -2.844108   -0.264178 
     20          1           0        0.958549   -1.894022    4.358386 
     21          1           0        1.736553   -2.874546    3.115490 
     22          1           0        2.458056   -1.328087    3.609815 
     23          1           0       -1.175089   -2.036758    3.099598 
     24          1           0       -1.313139   -1.445901    1.435922 
     25          1           0       -0.405036   -2.927709    1.772538 
     26          1           0       -0.166733    0.168893    3.924985 
     27          1           0        1.213303    0.889521    3.080981 
     28          1           0       -0.386114    0.832226    2.305196 
     29          6           0       -2.875574   -0.216556   -0.430444 
     30          6           0       -3.892824   -0.878361   -0.577495 
     31          6           0       -5.120153   -1.662392   -0.757017 
     32          6           0       -5.150688   -2.248986   -2.189307 
     33          1           0       -6.067689   -2.832954   -2.328866 
     34          1           0       -5.130843   -1.453061   -2.940475 
     35          1           0       -4.293014   -2.906516   -2.363479 
     36          6           0       -6.342977   -0.735364   -0.541936 
     37          1           0       -6.339970   -0.306699    0.465134 
     38          1           0       -6.346386    0.086323   -1.264989 
     39          1           0       -7.265876   -1.312678   -0.670150 
     40          6           0       -5.144926   -2.810332    0.282527 
     41          1           0       -6.061132   -3.398295    0.155884 
     42          1           0       -4.286617   -3.477395    0.153490 
     43          1           0       -5.124990   -2.417295    1.303929 
     44          6           0        0.073025    2.382657   -0.115677 
     45          1           0        0.716184    2.451714    0.768020 
     46          1           0        0.715238    2.426561   -1.003292 
     47          8           0       -0.879209    3.467332   -0.124819 
     48          6           0       -0.441127    4.748711   -0.063288 
     49          8           0       -1.228564    5.663891   -0.076399 
     50          6           0        0.996219    4.954104    0.017301 
     51          6           0        2.181536    5.179374    0.083795 





Zero-point correction=                           0.416278 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.349889 
Sum of electronic and thermal Free Energies=        -1229.293470 
E[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)]= -1230.115290 




 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0        1.509882   -0.326835    0.002546 
      2          6           0        0.366933    0.349132    0.004701 
      3          6           0       -0.956360   -0.299200    0.003094 
      4          6           0       -2.144373    0.414993    0.003688 
      5          6           0       -1.161784   -1.697504    0.000518 
      6          6           0       -3.460009   -0.031515    0.002050 
      7          6           0       -2.446563   -2.218191   -0.000919 
      8          6           0       -0.193055   -2.850024   -0.000694 
      9          6           0       -3.600464   -1.429014   -0.000267 
     10          6           0       -4.630754    0.962439    0.002756 
     11          6           0       -2.355771   -3.696903   -0.003122 
     12          1           0        0.450898   -2.872229   -0.887013 
     13          1           0        0.449766   -2.874804    0.886382 
     14          8           0       -1.020810   -4.029265   -0.002932 
     15          1           0       -4.572959   -1.909998   -0.001557 
     16          6           0       -5.993083    0.248681    0.000855 
     17          6           0       -4.526370    1.852877   -1.256490 
     18          6           0       -4.528029    1.849367    1.264607 
     19          8           0       -3.233913   -4.522964   -0.004854 
     20          1           0       -6.798221    0.991861    0.001321 
     21          1           0       -6.123351   -0.379032   -0.887930 
     22          1           0       -6.124559   -0.381450    0.887747 
     23          1           0       -5.334128    2.594377   -1.267616 
     24          1           0       -3.570711    2.388430   -1.281930 
     25          1           0       -4.601230    1.254083   -2.171205 
     26          1           0       -5.335935    2.590689    1.276859 
     27          1           0       -4.603860    1.248003    2.177548 
     28          1           0       -3.572542    2.385085    1.292736 
     29          6           0        2.810711   -0.576498    0.001007 
     30          6           0        4.005962   -0.906072   -0.000060 
     31          6           0        5.445480   -1.188228   -0.005723 
     32          6           0        5.722902   -2.453770   -0.855085 
     33          1           0        6.799104   -2.662433   -0.864425 
     34          1           0        5.206619   -3.326811   -0.442673 
     35          1           0        5.390347   -2.314496   -1.888786 
     36          6           0        5.923084   -1.421715    1.449266 
     37          1           0        5.740073   -0.538079    2.068653 
     38          1           0        5.405126   -2.273213    1.902409 
     39          1           0        6.999227   -1.630359    1.453662 
     40          6           0        6.195340    0.024594   -0.613932 
     41          1           0        7.274159   -0.171529   -0.613731 
     42          1           0        5.877018    0.204560   -1.645614 
     43          1           0        6.006213    0.933847   -0.035216 
     44          6           0        0.330325    1.869890    0.006528 
     45          1           0       -0.194541    2.232547   -0.886280 
     46          1           0       -0.221485    2.229300    0.884348 
     47          8           0        1.672558    2.370005    0.028541 
     48          6           0        1.907864    3.701161    0.016835 
  216 
 
     49          8           0        3.039489    4.123568    0.039584 
     50          6           0        0.748444    4.579053   -0.023970 
     51          6           0       -0.174557    5.358336   -0.057169 





Imaginary frequency= -8.13 cm-1 
<S2>= 1.0319 
Zero-point correction=                           0.416306 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.352609 




 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0       -1.566029    0.125173    0.043047 
      2          6           0       -0.492259    0.868566   -0.135079 
      3          6           0        0.887545    0.299858    0.024006 
      4          6           0        1.310214   -0.811161   -0.678675 
      5          6           0        1.869881    0.809750    0.898815 
      6          6           0        2.530526   -1.477202   -0.650315 
      7          6           0        3.110073    0.188907    0.992132 
      8          6           0        1.854481    1.946742    1.892901 
      9          6           0        3.467889   -0.934170    0.243348 
     10          6           0        2.779815   -2.702642   -1.540347 
     11          6           0        3.918804    0.891844    2.012978 
     12          1           0        1.732217    2.935166    1.434677 
     13          1           0        1.083358    1.827646    2.663218 
     14          8           0        3.145479    1.912550    2.523312 
     15          1           0        4.455360   -1.365207    0.373218 
     16          6           0        4.185644   -3.290345   -1.331482 
     17          6           0        2.622668   -2.279235   -3.018778 
     18          6           0        1.724767   -3.780972   -1.203513 
     19          8           0        5.042810    0.678637    2.391136 
     20          1           0        4.320145   -4.162004   -1.981425 
     21          1           0        4.971540   -2.568272   -1.580961 
     22          1           0        4.339876   -3.621389   -0.298123 
     23          1           0        2.767785   -3.141814   -3.680082 
     24          1           0        1.624077   -1.869528   -3.206699 
     25          1           0        3.359014   -1.514423   -3.291033 
     26          1           0        1.856268   -4.657730   -1.848826 
     27          1           0        1.814202   -4.108554   -0.161503 
     28          1           0        0.709325   -3.396922   -1.350157 
ϕ = 55.2°
  217 
 
     29          6           0       -2.533383   -0.737733    0.286285 
     30          6           0       -3.462164   -1.529287    0.511005 
     31          6           0       -4.589685   -2.431410    0.771366 
     32          6           0       -4.637253   -2.759662    2.284515 
     33          1           0       -5.478457   -3.432206    2.489465 
     34          1           0       -3.714807   -3.251587    2.609558 
     35          1           0       -4.769616   -1.850562    2.879755 
     36          6           0       -4.400233   -3.737820   -0.039190 
     37          1           0       -5.240637   -4.415717    0.150743 
     38          1           0       -4.360630   -3.531044   -1.113536 
     39          1           0       -3.474357   -4.247222    0.246869 
     40          6           0       -5.911395   -1.742111    0.346227 
     41          1           0       -6.067781   -0.814685    0.906026 
     42          1           0       -5.901361   -1.499190   -0.721066 
     43          1           0       -6.757784   -2.411640    0.540768 
     44          6           0       -0.565426    2.314248   -0.590041 
     45          1           0        0.033400    2.965973    0.057649 
     46          1           0       -0.158580    2.405104   -1.606001 
     47          8           0       -1.935480    2.736779   -0.568611 
     48          6           0       -2.272607    3.982208   -0.977440 
     49          8           0       -3.425939    4.339797   -0.966139 
     50          6           0       -1.191105    4.849890   -1.418676 
     51          6           0       -0.335023    5.616192   -1.793391 




Zero-point correction=                           0.420271 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.357918 




 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0       -0.026095   -0.966685   -0.110637 
      2          6           0        1.148179   -0.187971   -0.296709 
      3          6           0        2.378706   -0.769464   -0.302776 
      4          6           0        2.391348   -2.176491   -0.118944 
      5          6           0        1.254942   -2.938768    0.053504 
      6          6           0       -0.048561   -2.334873    0.063254 
      7          1           0        1.371495   -4.008197    0.187151 
      8          6           0       -0.844898    0.346764   -0.200037 
      9          6           0        0.307376    1.060392   -0.382332 
     10          6           0       -2.202006    0.691206   -0.132913 
     11          6           0       -3.382805    0.982107   -0.070497 
     12          6           0       -4.806648    1.345158    0.008688 
     13          6           0       -5.240466    1.376061    1.494900 
     14          1           0       -6.300929    1.645047    1.565846 
     15          1           0       -5.101000    0.397603    1.965781 
     16          1           0       -4.659587    2.113067    2.058770 
     17          6           0       -5.013460    2.741633   -0.624571 
  218 
 
     18          1           0       -4.710916    2.744970   -1.676791 
     19          1           0       -6.071904    3.021181   -0.569831 
     20          1           0       -4.429199    3.503042   -0.097615 
     21          6           0       -5.645195    0.293666   -0.757099 
     22          1           0       -5.355813    0.252637   -1.812193 
     23          1           0       -5.512586   -0.704184   -0.326687 
     24          1           0       -6.708343    0.555048   -0.701162 
     25          6           0        3.804213   -0.309188   -0.439475 
     26          1           0        4.022625    0.149766   -1.410830 
     27          1           0        4.108043    0.389997    0.347784 
     28          8           0        4.592936   -1.510486   -0.320279 
     29          6           0        3.800061   -2.625606   -0.135584 
     30          8           0        4.264848   -3.732236   -0.016621 
     31          6           0        0.614808    2.486334   -0.632234 
     32          1           0        0.851145    2.678728   -1.687161 
     33          1           0       -0.222314    3.135139   -0.356923 
     34          8           0        1.783902    2.819641    0.161291 
     35          6           0        2.260292    4.070791   -0.023224 
     36          8           0        1.769289    4.891250   -0.767469 
     37          6           0        3.439397    4.295561    0.786991 
     38          6           0        4.427003    4.525175    1.441931 
     39          1           0        5.300141    4.730629    2.020828 
     40          6           0       -1.339414   -3.146012    0.253997 
     41          6           0       -1.059407   -4.653288    0.406524 
     42          1           0       -0.559109   -5.068353   -0.475758 
     43          1           0       -0.439911   -4.869158    1.284363 
     44          1           0       -2.006474   -5.189766    0.531766 
     45          6           0       -2.066804   -2.652721    1.526887 
     46          1           0       -1.437074   -2.783527    2.414330 
     47          1           0       -2.335009   -1.594256    1.453021 
     48          1           0       -2.990585   -3.224327    1.680234 
     49          6           0       -2.255291   -2.942170   -0.975526 
     50          1           0       -2.527046   -1.890173   -1.106103 
     51          1           0       -1.762804   -3.283470   -1.893261 




Zero-point correction=                           0.420797 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.359874 




 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0        1.999484    3.618064    0.112757 
      2          8           0        0.667214    3.460116    0.014761 
      3          6           0        2.336385    4.524007    1.190302 
      4          8           0        2.820971    3.081287   -0.604245 
      5          6           0        0.203060    2.582063   -1.059619 
      6          6           0        0.173075    1.156380   -0.651294 
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      7          6           0       -0.863183    0.317214   -0.343061 
      8          6           0       -2.254158    0.481580   -0.284805 
      9          6           0       -3.462954    0.618588   -0.229707 
     10          6           0       -4.921312    0.801239   -0.160986 
     11          6           0       -5.264646    1.674390    1.071004 
     12          6           0       -5.406112    1.506734   -1.450785 
     13          6           0       -5.607009   -0.579121   -0.030150 
     14          6           0        2.670068    5.271584    2.077247 
     15          6           0        0.125066   -0.848990   -0.122027 
     16          6           0        1.184128    0.045274   -0.442351 
     17          6           0        2.477224   -0.388469   -0.454918 
     18          6           0        2.663092   -1.757315   -0.124228 
     19          6           0        1.639083   -2.624855    0.190476 
     20          6           0        0.274163   -2.181979    0.199366 
     21          6           0        4.110722   -2.054500   -0.195062 
     22          8           0        4.756892   -0.897258   -0.561015 
     23          6           0        3.834051    0.200025   -0.738578 
     24          6           0       -0.901100   -3.115514    0.527628 
     25          6           0       -0.430518   -4.544894    0.857948 
     26          6           0       -1.667850   -2.561333    1.751208 
     27          6           0       -1.850028   -3.186324   -0.691824 
     28          8           0        4.698494   -3.088779    0.010212 
     29          1           0       -0.809391    2.932855   -1.265800 
     30          1           0        0.843291    2.740963   -1.931397 
     31          1           0       -6.349721    1.819185    1.130573 
     32          1           0       -4.929135    1.196602    1.997063 
     33          1           0       -4.788494    2.657768    1.001531 
     34          1           0       -6.492009    1.650921   -1.408733 
     35          1           0       -4.933211    2.487755   -1.564029 
     36          1           0       -5.172382    0.908793   -2.337615 
     37          1           0       -6.694237   -0.449770    0.022922 
     38          1           0       -5.377655   -1.215531   -0.890961 
     39          1           0       -5.276911   -1.097274    0.875961 
     40          1           0        2.965700    5.932038    2.862064 
     41          1           0        1.892912   -3.651782    0.426978 
     42          1           0        4.111535    1.005242   -0.053257 
     43          1           0        3.938278    0.578319   -1.760753 
     44          1           0       -1.300325   -5.171730    1.083998 
     45          1           0        0.099046   -5.007062    0.017205 
     46          1           0        0.229596   -4.567931    1.732412 
     47          1           0       -2.507976   -3.220965    2.001785 
     48          1           0       -1.013621   -2.499503    2.628386 
     49          1           0       -2.071187   -1.562753    1.557499 
     50          1           0       -2.695199   -3.851767   -0.476102 
     51          1           0       -2.254408   -2.202018   -0.946769 




Zero-point correction=                           0.420440 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.357948 
Sum of electronic and thermal Free Energies=        -1229.362687 
E[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)]= -1230.190068 




 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0       -0.911867   -3.845899    0.531780 
      2          8           0       -1.215669   -3.276777   -0.660241 
      3          6           0       -2.076186   -4.504248    1.087476 
      4          8           0        0.176700   -3.817257    1.059955 
      5          6           0       -0.144295   -2.528127   -1.297395 
      6          6           0       -0.141676   -1.122051   -0.824392 
      7          6           0        0.825511   -0.223338   -0.466536 
      8          6           0        2.222336   -0.282295   -0.373955 
      9          6           0        3.435794   -0.329307   -0.285632 
     10          6           0        4.899868   -0.412627   -0.167642 
     11          6           0        5.258881   -1.057496    1.194049 
     12          6           0        5.455163   -1.284363   -1.319501 
     13          6           0        5.504662    1.009011   -0.247999 
     14          6           0       -3.020764   -5.061376    1.592078 
     15          6           0       -0.258513    0.856888   -0.219817 
     16          6           0       -1.233762   -0.108184   -0.590552 
     17          6           0       -2.560040    0.197281   -0.575451 
     18          6           0       -2.879188    1.521303   -0.176347 
     19          6           0       -1.937019    2.464475    0.177210 
     20          6           0       -0.534674    2.151736    0.167163 
     21          6           0       -4.350713    1.662948   -0.203303 
     22          8           0       -4.880854    0.452215   -0.602890 
     23          6           0       -3.849908   -0.522378   -0.860938 
     24          6           0        0.546813    3.170353    0.559416 
     25          6           0        1.333538    2.632484    1.777738 
     26          6           0        1.512833    3.371842   -0.631668 
     27          6           0       -0.054654    4.538224    0.933988 
     28          8           0       -5.045719    2.613381    0.058456 
     29          1           0        0.816912   -3.010427   -1.107394 
     30          1           0       -0.385608   -2.592762   -2.364049 
     31          1           0        6.348325   -1.131889    1.292295 
     32          1           0        4.877514   -0.456415    2.025688 
     33          1           0        4.834511   -2.063033    1.277133 
     34          1           0        6.545588   -1.359299   -1.235549 
     35          1           0        5.037198   -2.295663   -1.283290 
     36          1           0        5.214292   -0.848287   -2.294587 
     37          1           0        6.595424    0.953854   -0.154304 
     38          1           0        5.264923    1.485214   -1.204321 
     39          1           0        5.121551    1.644898    0.556578 
     40          1           0       -3.853805   -5.554789    2.041735 
     41          1           0       -2.282885    3.449312    0.469402 
     42          1           0       -4.013887   -1.387765   -0.208693 
     43          1           0       -3.943346   -0.854258   -1.901543 
     44          1           0        2.109942    3.349210    2.072966 
     45          1           0        0.670202    2.479781    2.636709 
     46          1           0        1.822884    1.679903    1.553028 
     47          1           0        2.289091    4.101260   -0.369665 
     48          1           0        2.010973    2.437896   -0.909759 
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     49          1           0        0.978483    3.748401   -1.511462 
     50          1           0        0.751144    5.231105    1.200568 
     51          1           0       -0.610710    4.983730    0.101267 




Zero-point correction=                           0.420194 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.358126 




 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0        3.001530   -3.369237   -0.000100 
      2          8           0        2.180411   -2.298646   -0.000039 
      3          6           0        4.389730   -2.953595   -0.000420 
      4          8           0        2.630518   -4.522753    0.000097 
      5          6           0        0.774888   -2.605044    0.000259 
      6          6           0        0.013914   -1.333846    0.000156 
      7          6           0        0.320662   -0.000858    0.000092 
      8          6           0        1.513289    0.735037    0.000118 
      9          6           0        2.543431    1.382656    0.000155 
     10          6           0        3.826430    2.102136    0.000198 
     11          6           0        4.624951    1.701402    1.264979 
     12          6           0        4.625326    1.700846   -1.264168 
     13          6           0        3.573451    3.627329   -0.000170 
     14          6           0        5.561870   -2.664135   -0.000681 
     15          6           0       -1.186238    0.353588    0.000001 
     16          6           0       -1.468184   -1.040260    0.000074 
     17          6           0       -2.753164   -1.492502    0.000103 
     18          6           0       -3.755513   -0.486319    0.000017 
     19          6           0       -3.486868    0.865951   -0.000076 
     20          6           0       -2.136021    1.353569   -0.000086 
     21          6           0       -5.074374   -1.152395    0.000015 
     22          8           0       -4.854599   -2.516508    0.000086 
     23          6           0       -3.448646   -2.828745    0.000170 
     24          6           0       -1.792804    2.851585   -0.000176 
     25          6           0       -3.055339    3.734432   -0.000375 
     26          6           0       -0.965154    3.184276    1.263626 
     27          6           0       -0.964921    3.184084   -1.263879 
     28          8           0       -6.184605   -0.681847   -0.000045 
     29          1           0        0.533274   -3.218350   -0.879175 
     30          1           0        0.533592   -3.218022    0.880014 
     31          1           0        5.591897    2.218522    1.272481 
     32          1           0        4.081657    1.974055    2.175576 
     33          1           0        4.806954    0.622020    1.284862 
     34          1           0        5.592306    2.217905   -1.271579 
     35          1           0        4.807261    0.621443   -1.283559 
     36          1           0        4.082332    1.973165   -2.175044 
     37          1           0        4.529768    4.163332   -0.000145 
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     38          1           0        3.008538    3.932311   -0.887196 
     39          1           0        3.008276    3.932694    0.886557 
     40          1           0        6.601140   -2.420186   -0.000909 
     41          1           0       -4.324819    1.553436   -0.000146 
     42          1           0       -3.230614   -3.432794    0.889015 
     43          1           0       -3.230533   -3.432931   -0.888561 
     44          1           0       -2.762294    4.790113   -0.000455 
     45          1           0       -3.674542    3.564090   -0.888371 
     46          1           0       -3.674700    3.564275    0.887546 
     47          1           0       -0.714384    4.252154    1.280506 
     48          1           0       -1.530855    2.955562    2.174181 
     49          1           0       -0.028580    2.619254    1.292954 
     50          1           0       -0.714151    4.251961   -1.280869 
     51          1           0       -0.028338    2.619067   -1.292962 





Imaginary frequency= -317.17 cm-1 
Zero-point correction=                           0.418109 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.358838 
Sum of electronic and thermal Free Energies=        -1229.285602 
E[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)]= -1230.122314 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0        0.396489   -0.547126   -0.108744 
      2          6           0        1.276420    0.586559   -0.501378 
      3          6           0        2.680968    0.387010   -0.579753 
      4          6           0        3.115319   -0.876057   -0.305924 
      5          6           0        2.269544   -1.991573    0.065735 
      6          6           0        0.907698   -1.874658    0.183212 
      7          1           0        2.774444   -2.932306    0.251545 
      8          6           0       -0.741911    0.236792   -0.190237 
      9          6           0        0.235079    1.481558   -0.578105 
     10          6           0       -0.077522    2.484444    1.397200 
     11          6           0       -0.773614    1.687470    2.018081 
     12          6           0        0.627275    3.694958    0.974957 
     13          8           0        1.136117    4.489282    1.727697 
     14          8           0        0.684086    3.863163   -0.371588 
     15          6           0        0.017392    2.836973   -1.156643 
     16          1           0        0.442069    2.953677   -2.158691 
     17          1           0       -1.054834    3.057417   -1.203729 
     18          1           0       -1.396598    1.075898    2.631890 
     19          6           0       -2.122496    0.092664   -0.272194 
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     21          6           0       -4.802059   -0.058510   -0.494811 
     22          6           0       -5.444886    1.247409    0.031504 
     23          1           0       -6.535810    1.189796   -0.059873 
     24          1           0       -5.196178    1.411428    1.085103 
     25          1           0       -5.097833    2.114557   -0.539958 
     26          6           0       -5.312610   -1.262476    0.332723 
     27          1           0       -6.402152   -1.341132    0.241613 
     28          1           0       -4.869050   -2.198799   -0.021190 
     29          1           0       -5.063908   -1.145265    1.392592 
     30          6           0       -5.175754   -0.257183   -1.985017 
     31          1           0       -4.821743    0.581514   -2.593299 
     32          1           0       -4.733790   -1.177162   -2.380939 
     33          1           0       -6.265131   -0.323574   -2.090507 
     34          6           0       -0.013354   -3.033132    0.572624 
     35          6           0        0.775596   -4.315970    0.893279 
     36          1           0        0.077761   -5.112187    1.174751 
     37          1           0        1.348264   -4.670625    0.029145 
     38          1           0        1.469096   -4.171158    1.729263 
     39          6           0       -0.833100   -2.639893    1.825146 
     40          1           0       -0.172408   -2.427680    2.673627 
     41          1           0       -1.455533   -1.758930    1.644187 
     42          1           0       -1.495753   -3.465421    2.110730 
     43          6           0       -0.974523   -3.331549   -0.603958 
     44          1           0       -0.414924   -3.625818   -1.499157 
     45          1           0       -1.644229   -4.158015   -0.336722 
     46          1           0       -1.592910   -2.465313   -0.855939 
     47          6           0        4.588539   -0.900970   -0.445557 
     48          6           0        3.864449    1.251135   -0.903826 
     49          1           0        3.834876    1.663057   -1.919932 
     50          1           0        3.996030    2.082813   -0.201206 
     51          8           0        4.994386    0.370357   -0.797879 





Imaginary frequency= -722.46 cm-1 
<S2>= 0.4801 
Zero-point correction=                           0.417976 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.357844 




 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
2.03 Å
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      1          6           0        0.411924   -0.622501   -0.108599 
      2          6           0        1.282221    0.477296   -0.328036 
      3          6           0        2.638139    0.309007   -0.368432 
      4          6           0        3.089554   -1.013762   -0.176170 
      5          6           0        2.249666   -2.098392    0.040434 
      6          6           0        0.838831   -1.941178    0.082163 
      7          1           0        2.706307   -3.071684    0.178701 
      8          6           0       -0.763655    0.293263   -0.227089 
      9          6           0        0.095981    1.431928   -0.378678 
     10          6           0        0.337990    2.661594    1.217767 
     11          6           0        0.272067    2.274664    2.403454 
     12          6           0        0.699572    3.888703    0.458586 
     13          8           0        1.154081    4.890210    0.948976 
     14          8           0        0.504673    3.782314   -0.877076 
     15          6           0       -0.169815    2.586724   -1.298901 
     16          1           0        0.198422    2.380897   -2.309809 
     17          1           0       -1.247608    2.780585   -1.347907 
     18          1           0        0.089603    1.577620    3.195896 
     19          6           0       -2.147728    0.172039   -0.217321 
     20          6           0       -3.367725    0.088909   -0.211587 
     21          6           0       -4.835437   -0.007040   -0.212130 
     22          6           0       -5.430746    1.294530    0.377005 
     23          1           0       -6.525206    1.234473    0.376331 
     24          1           0       -5.094920    1.450005    1.407318 
     25          1           0       -5.133822    2.166402   -0.214928 
     26          6           0       -5.271324   -1.218968    0.645647 
     27          1           0       -6.364480   -1.299163    0.645861 
     28          1           0       -4.857825   -2.151309    0.247718 
     29          1           0       -4.934329   -1.109116    1.681468 
     30          6           0       -5.330931   -0.194063   -1.668161 
     31          1           0       -5.034727    0.652301   -2.296284 
     32          1           0       -4.921280   -1.108628   -2.108955 
     33          1           0       -6.424787   -0.265525   -1.679741 
     34          6           0       -0.124068   -3.114785    0.305796 
     35          6           0        0.623946   -4.445685    0.511659 
     36          1           0       -0.101397   -5.250198    0.675409 
     37          1           0        1.225770   -4.717699   -0.362756 
     38          1           0        1.284152   -4.413750    1.385742 
     39          6           0       -0.980288   -2.838751    1.564577 
     40          1           0       -0.347199   -2.738900    2.453831 
     41          1           0       -1.571086   -1.923621    1.461013 
     42          1           0       -1.675680   -3.669210    1.737058 
     43          6           0       -1.046604   -3.261071   -0.927948 
     44          1           0       -0.461242   -3.458456   -1.833253 
     45          1           0       -1.738257   -4.100121   -0.783313 
     46          1           0       -1.643432   -2.359831   -1.097498 
     47          6           0        4.567356   -1.008797   -0.241764 
     48          6           0        3.846048    1.187779   -0.555629 
     49          1           0        3.877539    1.685970   -1.531238 
     50          1           0        3.948225    1.950768    0.224662 
     51          8           0        4.970583    0.290602   -0.467864 
     52          8           0        5.350343   -1.919435   -0.132185 
 --------------------------------------------------------------------- 




Zero-point correction=                           0.420623 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.360407 




 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0        0.462327   -0.591819   -0.068532 
      2          6           0        1.302256    0.549303   -0.143521 
      3          6           0        2.670734    0.434438   -0.123466 
      4          6           0        3.163376   -0.874044   -0.035414 
      5          6           0        2.352176   -2.014735    0.032752 
      6          6           0        0.952690   -1.923707    0.019477 
      7          1           0        2.848903   -2.976124    0.098612 
      8          6           0       -0.732421    0.225444   -0.119581 
      9          6           0        0.112239    1.516438   -0.213144 
     10          6           0        0.024860    2.595259    0.868258 
     11          6           0       -0.276265    2.473399    2.138761 
     12          6           0        0.364111    3.904561    0.203139 
     13          8           0        0.588866    4.974771    0.700680 
     14          8           0        0.410912    3.695995   -1.149686 
     15          6           0       -0.047799    2.375046   -1.484552 
     16          1           0        0.546897    2.011791   -2.325129 
     17          1           0       -1.101899    2.431120   -1.780162 
     18          1           0       -0.559519    1.689555    2.827858 
     19          6           0       -2.101132    0.060306   -0.103057 
     20          6           0       -3.324838   -0.031186   -0.091905 
     21          6           0       -4.790256   -0.154831   -0.075487 
     22          6           0       -5.422060    1.257669   -0.090994 
     23          1           0       -6.514888    1.174696   -0.077380 
     24          1           0       -5.110034    1.838661    0.782897 
     25          1           0       -5.130600    1.809725   -0.990491 
     26          6           0       -5.224676   -0.908037    1.206224 
     27          1           0       -6.316095   -1.008651    1.224514 
     28          1           0       -4.785773   -1.910422    1.241014 
     29          1           0       -4.914148   -0.365996    2.105265 
     30          6           0       -5.250195   -0.947638   -1.324153 
     31          1           0       -4.957059   -0.434892   -2.245945 
     32          1           0       -4.812421   -1.951071   -1.335855 
     33          1           0       -6.341833   -1.047577   -1.317765 
     34          6           0        0.032855   -3.147303    0.096097 
     35          6           0        0.827570   -4.464238    0.177612 
     36          1           0        0.130459   -5.307775    0.228346 
     37          1           0        1.463331   -4.614528   -0.702174 
     38          1           0        1.461592   -4.506361    1.070396 
     39          6           0       -0.857427   -3.038212    1.357563 
     40          1           0       -0.245787   -3.010507    2.266606 
     41          1           0       -1.483190   -2.141186    1.338456 
     42          1           0       -1.521083   -3.908859    1.423592 
  226 
 
     43          6           0       -0.859717   -3.195729   -1.167426 
     44          1           0       -0.249950   -3.285333   -2.073703 
     45          1           0       -1.526513   -4.065348   -1.121821 
     46          1           0       -1.482555   -2.301422   -1.261397 
     47          6           0        4.640733   -0.812230   -0.026584 
     48          6           0        3.846397    1.373862   -0.167138 
     49          1           0        3.898784    1.963251   -1.089617 
     50          1           0        3.878928    2.063534    0.684043 
     51          8           0        5.002181    0.516816   -0.106650 





Imaginary frequency= -393.81 cm-1 
<S2>= 0.5324 
Zero-point correction=                           0.420596 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.363541 




 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0        0.498478   -0.521455    0.056696 
      2          6           0        1.300129    0.610385   -0.230105 
      3          6           0        2.665681    0.490428   -0.391705 
      4          6           0        3.175402   -0.801905   -0.265503 
      5          6           0        2.396182   -1.932250    0.025089 
      6          6           0        1.011069   -1.838586    0.207762 
      7          1           0        2.908897   -2.883962    0.105931 
      8          6           0       -0.717561    0.280289    0.097025 
      9          6           0        0.129919    1.576201   -0.164891 
     10          6           0       -0.032408    2.383865    1.091497 
     11          6           0       -0.609481    1.725902    2.077052 
     12          6           0        0.226088    3.817036    0.765450 
     13          8           0        0.392598    4.773871    1.474222 
     14          8           0        0.239010    3.903858   -0.611195 
     15          6           0       -0.120781    2.644310   -1.236020 
     16          1           0        0.491206    2.538676   -2.134028 
     17          1           0       -1.179030    2.681105   -1.519074 
     18          1           0       -1.021672    1.959823    3.052478 
     19          6           0       -2.075698    0.055953   -0.097552 
     20          6           0       -3.274366   -0.096146   -0.284120 
     21          6           0       -4.717758   -0.276578   -0.502679 
     22          6           0       -5.497124    0.704040    0.407509 
2.45 Å
  227 
 
     23          1           0       -6.574609    0.580658    0.247461 
     24          1           0       -5.281923    0.514936    1.464112 
     25          1           0       -5.232711    1.742845    0.184968 
     26          6           0       -5.110169   -1.733230   -0.159041 
     27          1           0       -6.185313   -1.874543   -0.318566 
     28          1           0       -4.571642   -2.445924   -0.792071 
     29          1           0       -4.884165   -1.964820    0.886813 
     30          6           0       -5.049085    0.016817   -1.987003 
     31          1           0       -4.778395    1.043203   -2.255428 
     32          1           0       -4.510982   -0.665509   -2.652971 
     33          1           0       -6.124296   -0.111082   -2.157646 
     34          6           0        0.125652   -3.048623    0.526451 
     35          6           0        0.954852   -4.326707    0.755861 
     36          1           0        0.282927   -5.156383    1.001343 
     37          1           0        1.520379   -4.616521   -0.136794 
     38          1           0        1.659494   -4.213369    1.587463 
     39          6           0       -0.692232   -2.765866    1.808680 
     40          1           0       -0.030034   -2.603893    2.666779 
     41          1           0       -1.331097   -1.884819    1.703026 
     42          1           0       -1.336829   -3.623260    2.035889 
     43          6           0       -0.833812   -3.298987   -0.662478 
     44          1           0       -0.272500   -3.517880   -1.578100 
     45          1           0       -1.478531   -4.159781   -0.447095 
     46          1           0       -1.477526   -2.435647   -0.854019 
     47          6           0        4.639550   -0.745336   -0.479353 
     48          6           0        3.811833    1.420947   -0.684685 
     49          1           0        3.724015    1.930552   -1.651170 
     50          1           0        3.961223    2.179644    0.092152 
     51          8           0        4.972733    0.570429   -0.723109 




Zero-point correction=                           0.424415 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.366904 
Sum of electronic and thermal Free Energies=        -1229.389147 
E[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)]= -1230.229237 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0        0.512929   -0.406324    0.300365 
      2          6           0        1.212227    0.677595   -0.246707 
      3          6           0        2.520394    0.527246   -0.674065 
      4          6           0        3.062549   -0.748635   -0.524413 
      5          6           0        2.376242   -1.828589    0.034717 
      6          6           0        1.049349   -1.691647    0.488435 
      7          1           0        2.901117   -2.774410    0.109231 
      8          6           0       -0.755053    0.439247    0.560689 
      9          6           0        0.093881    1.674462   -0.038711 
     10          6           0       -0.068616    2.275282    1.342224 
     11          6           0       -0.760039    1.262118    1.882414 
     12          6           0        0.092808    3.743473    1.277035 
  228 
 
     13          8           0        0.243933    4.584250    2.123239 
     14          8           0        0.010009    4.043054   -0.069898 
     15          6           0       -0.292851    2.872004   -0.893984 
     16          1           0        0.282562    2.978825   -1.815710 
     17          1           0       -1.363110    2.878733   -1.128290 
     18          1           0       -1.250340    1.087512    2.833743 
     19          6           0       -2.042718    0.091500    0.011844 
     20          6           0       -3.138828   -0.160409   -0.442940 
     21          6           0       -4.468329   -0.469871   -1.000127 
     22          6           0       -5.118292   -1.603942   -0.172417 
     23          1           0       -6.108223   -1.842071   -0.578878 
     24          1           0       -4.507264   -2.512053   -0.201772 
     25          1           0       -5.238858   -1.306754    0.874505 
     26          6           0       -4.314617   -0.920409   -2.471929 
     27          1           0       -5.298599   -1.151282   -2.896459 
     28          1           0       -3.855093   -0.132726   -3.078098 
     29          1           0       -3.689304   -1.816168   -2.546125 
     30          6           0       -5.354775    0.796426   -0.932519 
     31          1           0       -5.476071    1.137221    0.100888 
     32          1           0       -4.916440    1.615094   -1.512938 
     33          1           0       -6.347909    0.578415   -1.342341 
     34          6           0        0.257079   -2.868707    1.077306 
     35          6           0        1.185065   -4.015953    1.524981 
     36          1           0        0.587729   -4.804498    1.995618 
     37          1           0        1.716054   -4.472547    0.683032 
     38          1           0        1.928235   -3.676068    2.255334 
     39          6           0       -0.560092   -2.405186    2.304183 
     40          1           0        0.088920   -1.971570    3.073889 
     41          1           0       -1.319865   -1.666187    2.033377 
     42          1           0       -1.082875   -3.260414    2.748011 
     43          6           0       -0.707895   -3.408129   -0.006924 
     44          1           0       -0.152639   -3.761692   -0.883116 
     45          1           0       -1.287552   -4.250906    0.389650 
     46          1           0       -1.409258   -2.634895   -0.335614 
     47          6           0        4.451954   -0.725863   -1.040344 
     48          6           0        3.568129    1.412191   -1.293779 
     49          1           0        3.274909    1.817221   -2.269470 
     50          1           0        3.865692    2.248045   -0.649745 
     51          8           0        4.708231    0.554568   -1.483841 





Imaginary frequency= -728.26 cm-1 
<S2>= 0.0000 
2.08  Å
  229 
 
Zero-point correction=                           0.421313 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.363305 




 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0        0.531054   -0.405123    0.453683 
      2          6           0        1.019103    0.769499   -0.156840 
      3          6           0        2.268622    0.727994   -0.773812 
      4          6           0        2.997347   -0.451437   -0.657327 
      5          6           0        2.548718   -1.577625    0.032197 
      6          6           0        1.274224   -1.583975    0.629481 
      7          1           0        3.195300   -2.446249    0.068818 
      8          6           0       -0.845800    0.092070    0.812611 
      9          6           0        0.020572    1.835353    0.068037 
     10          6           0       -0.493452    2.132884    1.403431 
     11          6           0       -0.904527    0.997175    2.012623 
     12          6           0       -0.593668    3.604315    1.561358 
     13          8           0       -0.832064    4.284075    2.525543 
     14          8           0       -0.388128    4.139298    0.306211 
     15          6           0       -0.159291    3.117460   -0.700488 
     16          1           0        0.725780    3.410500   -1.276605 
     17          1           0       -1.023531    3.111564   -1.378025 
     18          1           0       -1.050193    0.736348    3.053580 
     19          6           0       -1.986376   -0.175007    0.040047 
     20          6           0       -2.997273   -0.481118   -0.570500 
     21          6           0       -4.220869   -0.823319   -1.311412 
     22          6           0       -5.338831   -1.200531   -0.309210 
     23          1           0       -6.258133   -1.447389   -0.853035 
     24          1           0       -5.051231   -2.069393    0.291777 
     25          1           0       -5.553413   -0.370024    0.371042 
     26          6           0       -3.936085   -2.015808   -2.254473 
     27          1           0       -4.843191   -2.271822   -2.814064 
     28          1           0       -3.146452   -1.769800   -2.971789 
     29          1           0       -3.621075   -2.898887   -1.688910 
     30          6           0       -4.663994    0.406060   -2.144182 
     31          1           0       -4.868312    1.265845   -1.498088 
     32          1           0       -3.890370    0.692377   -2.864057 
     33          1           0       -5.578737    0.165963   -2.698656 
     34          6           0        0.707594   -2.828697    1.333324 
     35          6           0        1.820487   -3.828811    1.707382 
     36          1           0        1.387231   -4.663998    2.268676 
     37          1           0        2.310953   -4.253277    0.825135 
     38          1           0        2.588983   -3.364797    2.336025 
     39          6           0       -0.025827   -2.427047    2.631753 
     40          1           0        0.638870   -1.886665    3.315200 
     41          1           0       -0.900204   -1.798685    2.430937 
     42          1           0       -0.387878   -3.322671    3.149411 
     43          6           0       -0.288754   -3.533362    0.380032 
     44          1           0        0.209722   -3.844567   -0.544804 
  230 
 
     45          1           0       -0.701406   -4.428884    0.860787 
     46          1           0       -1.122409   -2.876739    0.111153 
     47          6           0        4.288111   -0.275584   -1.363498 
     48          6           0        3.091250    1.706186   -1.570821 
     49          1           0        2.615994    2.012852   -2.510555 
     50          1           0        3.356335    2.609504   -1.007834 
     51          8           0        4.302342    0.999028   -1.889767 




Zero-point correction=                           0.426969 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.369270 
Sum of electronic and thermal Free Energies=        -1229.503122 
E[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)]= -1230.348900 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0       -2.860826   -0.220260    0.083210 
      2          6           0       -1.659616    0.525144   -0.003041 
      3          6           0       -0.371239   -0.177737   -0.048162 
      4          6           0       -0.390910   -1.647193   -0.085040 
      5          6           0       -1.617019   -2.286412    0.015758 
      6          6           0       -1.703315    1.939526   -0.041062 
      7          6           0        0.815959    0.681542   -0.049511 
      8          1           0       -1.686975   -3.364116    0.008668 
      9          6           0        0.695693    2.072846   -0.087687 
     10          6           0       -0.555323    2.682520   -0.097033 
     11          1           0        1.591735    2.682807   -0.095415 
     12          6           0       -4.311649    0.195787    0.169799 
     13          1           0       -4.544120    0.786026    1.063946 
     14          1           0       -4.663003    0.748032   -0.709712 
     15          8           0       -5.048098   -1.033297    0.245989 
     16          6           0       -2.821534   -1.582347    0.111021 
     17          6           0       -4.196690   -2.117565    0.212037 
     18          8           0       -4.586072   -3.255889    0.259963 
     19          6           0       -0.893426    4.122574   -0.130600 
     20          6           0       -2.864931    2.907555   -0.035867 
     21          1           0       -3.527570    2.797726   -0.902330 
     22          1           0       -3.474039    2.855273    0.874132 
     23          8           0       -2.268368    4.211248   -0.095664 
     24          8           0       -0.176593    5.088190   -0.178455 
     25          6           0        2.197116    0.298532    0.024076 
     26          6           0        3.409349    0.251128    0.097728 
     27          6           0        0.841529   -2.580750   -0.255898 
     28          6           0        0.441773   -4.069032   -0.440263 
     29          1           0       -0.048233   -4.492765    0.442308 
     30          1           0       -0.204936   -4.225919   -1.310028 
     31          1           0        1.356944   -4.648062   -0.605280 
     32          6           0        1.604283   -2.234465   -1.562161 
     33          1           0        2.524481   -2.827576   -1.621293 
     34          1           0        0.981677   -2.498609   -2.425256 
  231 
 
     35          1           0        1.883351   -1.188703   -1.659600 
     36          6           0        1.707811   -2.566038    1.031538 
     37          1           0        1.160204   -3.061506    1.841802 
     38          1           0        2.635918   -3.126671    0.863942 
     39          1           0        1.977817   -1.569579    1.371864 
     40          6           0        4.875965    0.145943    0.196652 
     41          6           0        5.380178   -1.007684   -0.702083 
     42          1           0        4.950598   -1.965556   -0.391347 
     43          1           0        5.112380   -0.836641   -1.749850 
     44          1           0        6.471775   -1.082313   -0.634050 
     45          6           0        5.268826   -0.130367    1.668341 
     46          1           0        6.359683   -0.197089    1.755750 
     47          1           0        4.919731    0.672723    2.325545 
     48          1           0        4.837348   -1.072713    2.021280 
     49          6           0        5.508619    1.479931   -0.267237 
     50          1           0        6.601055    1.418931   -0.198395 
     51          1           0        5.242052    1.701587   -1.305912 
     52          1           0        5.171442    2.313620    0.357479 
 --------------------------------------------------------------------- 
 
Comparison of benzyne 30-benz and the isomeric cyclobutadiene 32 
The zero-point correction, thermal correction to Gibbs free energy, the sum of the electronic and 
thermal free energies, the Cartesian coordinates at B3LYP/6-31G(d), and electronic energy at 





Zero-point correction=                           0.341211 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.290975 
Sum of electronic and thermal Free Energies=         -924.947785 
E[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)]= -925.5899531 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0        3.596920   -0.311910   -0.025593 
      2          6           0        3.598329    1.076209   -0.049038 
      3          6           0        2.631828    1.862153   -0.047866 
      4          6           0        1.279960    1.550301    0.029376 
      5          6           0        1.133927    0.114334    0.025089 
      6          6           0        2.258255   -0.783002   -0.002162 
      7          6           0        2.002347   -2.284141    0.017784 
      8          1           0        1.661906   -2.570183    1.024499 
      9          1           0        1.165620   -2.516429   -0.650077 
     10          6           0        3.227403   -3.125712   -0.364674 
     11          1           0        3.022796   -4.181332   -0.149668 
     12          1           0        3.401337   -3.052862   -1.447590 
     13          6           0        4.479059   -2.650945    0.378467 
Ph
Ph
  232 
 
     14          1           0        5.333941   -3.303620    0.166013 
     15          1           0        4.301750   -2.701547    1.461823 
     16          6           0        4.811598   -1.209463   -0.025138 
     17          1           0        5.573293   -0.782108    0.638343 
     18          1           0        5.254459   -1.204326   -1.032679 
     19          6           0        0.203565    2.561947    0.071897 
     20          6           0        0.408339    3.782107   -0.597719 
     21          6           0       -0.990683    2.391024    0.792707 
     22          6           0       -0.555776    4.785965   -0.573095 
     23          1           0        1.335321    3.928994   -1.145898 
     24          6           0       -1.952624    3.400610    0.822094 
     25          1           0       -1.157510    1.476453    1.348759 
     26          6           0       -1.744933    4.597778    0.135015 
     27          1           0       -0.378375    5.716305   -1.106182 
     28          1           0       -2.864045    3.253118    1.395781 
     29          1           0       -2.498293    5.380656    0.158282 
     30          6           0       -0.169565   -0.460515    0.006880 
     31          6           0       -1.270761   -0.979181   -0.029392 
     32          6           0       -2.585566   -1.526473   -0.065376 
     33          6           0       -2.803527   -2.903444    0.141731 
     34          6           0       -3.695233   -0.690189   -0.306628 
     35          6           0       -4.093986   -3.424503    0.109767 
     36          1           0       -1.952745   -3.551682    0.328492 
     37          6           0       -4.981861   -1.220756   -0.335451 
     38          1           0       -3.529995    0.370435   -0.469857 
     39          6           0       -5.187049   -2.587296   -0.128054 
     40          1           0       -4.247936   -4.488048    0.271414 
     41          1           0       -5.828488   -0.565592   -0.522534 





Zero-point correction=                           0.338524 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.285058 
Sum of electronic and thermal Free Energies=         -924.904752 
E[SMD(chloroform)/B3LYP-D3BJ/6-311+G(d,p)]= -925.5353682 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic                  Coordinates (Angstroms) 
 Number   Number       Type             X                     Y                      Z 
--------------------------------------------------------------------- 
      1          6           0        0.751822    2.864114   -0.002795 
      2          6           0        0.815601    1.503636   -0.011786 
      3          6           0       -0.749411    2.865270   -0.010016 
      4          6           0       -0.815320    1.504862   -0.008575 
      5          6           0        1.578907    4.099599    0.059715 
      6          1           0        1.940403    4.247732    1.090312 
      7          1           0        2.474775    4.034948   -0.570658 
      8          6           0        0.690560    5.306745   -0.339441 
      9          1           0        1.219659    6.238138   -0.107074 
     10          1           0        0.534295    5.297722   -1.427351 
     11          6           0       -1.779520    0.514495   -0.011854 
Ph
Ph
  233 
 
     12          6           0       -2.596823   -0.397679   -0.010340 
     13          6           0       -0.683764    5.300551    0.367401 
     14          1           0       -0.528119    5.268209    1.454959 
     15          1           0       -1.211192    6.237510    0.154391 
     16          6           0       -1.573417    4.103303   -0.057598 
     17          1           0       -1.926994    4.270308   -1.088124 
     18          1           0       -2.473627    4.030569    0.565534 
     19          6           0       -3.561853   -1.435328   -0.007685 
     20          6           0       -4.942292   -1.134893   -0.006147 
     21          6           0       -3.163968   -2.790658   -0.005374 
     22          6           0       -5.885830   -2.156848   -0.001911 
     23          1           0       -5.255245   -0.095301   -0.008071 
     24          6           0       -4.116697   -3.804261   -0.001409 
     25          1           0       -2.104758   -3.028641   -0.006508 
     26          6           0       -5.479818   -3.494447    0.000517 
     27          1           0       -6.944182   -1.909714   -0.000502 
     28          1           0       -3.795097   -4.842405    0.000484 
     29          1           0       -6.220217   -4.289583    0.003965 
     30          6           0        1.779083    0.512606   -0.007598 
     31          6           0        2.600671   -0.395660   -0.010054 
     32          6           0        3.562180   -1.436513   -0.001054 
     33          6           0        4.943614   -1.140829    0.000898 
     34          6           0        3.159563   -2.790451    0.005653 
     35          6           0        5.883686   -2.165946    0.009426 
     36          1           0        5.260128   -0.102323   -0.004346 
     37          6           0        4.108856   -3.807236    0.014566 
     38          1           0        2.099539   -3.024741    0.004014 
     39          6           0        5.473052   -3.502095    0.016344 
     40          1           0        6.942875   -1.922433    0.010756 
     41          1           0        3.783743   -4.844270    0.019942 
     42          1           0        6.210709   -4.299755    0.022977 
 --------------------------------------------------------------------- 
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Experimental and Computational Data for Section 4.2 
General Procedure A: Cadiot–Chodkiewicz Alkyne Cross-Coupling  
“CuCl (0.1 equiv) was dissolved in a solution of n-butylamine in water (4:10 vol:vol) at 0 oC 
under an inert atmosphere with stirring. Solid hydroxylamine hydrochloride was added in 
portions until the solution was colorless. A solution of alkyne (1.0 equiv) in dichloromethane 
(1~2 M) was added with stirring. The volume ratio of the aqueous butylamine and CH2Cl2 
solutions was ca. 2-1.5:1. A yellow precipitate appeared. A solution of 1-bromoalkyne (1.2 equiv) 
in CH2Cl2 (0.3 M) was slowly added dropwise over ca. 20 min to the yellow suspension with 
robust stirring. After 0.5 h, the reaction mixture was diluted with satd aq NH4Cl and extracted 
with EtOAc. The organic extracts were combined, washed with brine, dried (MgSO4), and 
concentrated under reduced pressure. The crude material was purified by flash chromatography 
on silica gel using hexanes:EtOAc as the eluant.”39 
General Procedure B: Oxidation of Alcohol Using MnO2 
“Manganese dioxide (ca. 15 molar equiv; “activated MnO2” from Aldrich-Millipore) was added 
to a stirred solution of the propargylic alcohol (1.0 equiv) in CH2Cl2 (0.5 M) at room temperature. 
After 1 h the reaction mixture was filtered through a small column of silica gel using CH2Cl2 as 
the eluant. The filtrate was concentrated to give the desired ketone that was typically used without 
further purification.” 39 
General Procedure C: Tandem HDDA Reaction/C-O Insertion Reaction 
A solution of HDDA triyne or tetrayne precursor in chlorobenzene (ca. 0.1 M) was heated at the 
indicated temperature in a threaded culture tube sealed with a Teflon®-lined screw cap. After 14-
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gel (4:1 Hex:EtOAc). The residue was concentrated to give the crude product mixture, which was 




Triyne S2 was prepared following general procedure A from diyne S139 (456 mg, 2.0 mmol) and 
((4-bromo-2-methylbut-3-yn-2-yl)oxy)(tert-butyl)dimethylsilane142 (665 mg, 2.4 mmol). The 
crude material was purified by flash chromatography (hexanes:EtOAc 9:1) to give S2 (594 mg, 
70%) as a yellow oil. 
1H NMR (CDCl3, 500 MHz) d 7.70 (d, J = 7.7 Hz, 1H, H6), 7.52 (d, J = 7.7 Hz, 1H, H3), 7.41 
(ddd, J = 7.7, 7.7, 1.4 Hz, 1H, H5), 7.29 (ddd, J = 7.6, 7.6, 1.3 Hz, 1H, H4), 5.82 (d, J = 5.2 Hz, 
1H, CHOH), 2.44 (br s, 1H, CHOH), 1.53 [s, 6H, C(CH3)2], 0.88 [s, 9H, OSiC(CH3)3], 0.21 [s, 
6H, OSi(CH3)2], and 0.20 [s, 9H, Si(CH3)3].  
13C NMR (125 MHz, CDCl3) d 143.5, 133.8, 129.8, 128.5, 127.0, 120.5, 104.1, 92.0, 89.3, 78.8, 
75.5, 67.5, 67.0, 63.5, 32.8, 25.8, 18.1, 0.0 and -2.8. 
IR (neat) 3354, 2983, 2957, 2930, 2896, 2857, 2175, 1472, 1360, 1251, 1213, 1162, 1041, 841, 
777, and 759 cm-1. 




                                                
142 Laroche, C.; Li, J.; Freyer, M. W.; Kerwin, S. M. Coupling Reactions of Bromoalkynes with Imidazoles 
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Triyne 1a was prepared following general procedure B from alcohol S2 (594 mg, 1.4 mmol) to 
give 1a (545 mg, 92%) as a yellow oil. 
1H NMR (CDCl3, 500 MHz) d 8.10 (dd, J = 7.7, 1.4 Hz, 1H, H6), 7.63 (dd, J = 7.7, 1.4 Hz, 1H, 
H3), 7.51 (ddd, J = 7.5, 7.5, 1.4 Hz, 1H, H4), 7.46 (ddd, J = 7.6, 7.6, 1.4 Hz, 1H, H5), 1.52 [s, 6H, 
C(CH3)2], 0.88 [s, 9H, OSiC(CH3)3], 0.31 [s, 6H, Si(CH3)3], and 0.20 [s, 6H, OSi(CH3)2].  
13C NMR (125 MHz, CDCl3) d 176.6, 139.0, 135.9, 132.7, 132.0, 128.7, 121.8, 101.52, 101.46, 
89.9, 79.6, 76.5, 68.1, 67.0, 32.8, 25.8, 18.1, -0.5, and -2.8. 
IR (neat) 2957, 2896, 2857, 2153, 1652, 1590, 1561, 1480, 1462, 1377, 1360, 1252, 1162, 1015, 
903, 844, 777, and 755 cm-1. 
HRMS (ESI-Orbitrap): Adduct of molecular ion not observed; Calcd for sodiated adduct of the 
proto-de(trimethyl)silylated product: [(C22H26NaO2Si)+] [(M+Na)+] 373.1594; found: 373.1591. 
3-((tert-Butyldimethylsilyl)oxy)-2-(prop-1-en-2-yl)-1-(trimethylsilyl)-9H-fluoren-9-one (2a) 
 
Triyne 2a was prepared following general procedure C from triyne 1a (34 mg, 0.08 mmol) at 
150 °C for 14 h. The crude material was purified by MPLC (hexanes:EtOAc 80:1) to give the 
fluorenone 2a (28 mg, 82%) as a yellow crystalline solid. 
1H NMR (CDCl3, 500 MHz) d 7.55 (d, J = 7.3 Hz, 1H, H8), 7.42 (d, J = 7.1 Hz, 1H, H5), 7.38 
(dd, J = 7.2, 7.2 Hz, 1H, H6), 7.25 (dd, J = 7.3, 7.3 Hz, 1H, H7), 6.90 (s, 1H, H4), 5.12 (dq, J = 
2.2, 1.5 Hz, 1H, C=CHEHZ), 4.79 (dq, J = 2.1, 0.9 Hz 1H, C=CHEHZ), 2.05 (dd, J = 2.2, 1.5 Hz, 
3H, CCH3), 1.01 [s, 9H, OSiC(CH3)3], 0.37 [s, 9H, Si(CH3)3], 0.31 (s, 3H, OSiCH3), and 0.23 (s, 
3H, OSiCH3).  
13C NMR (125 MHz, CDCl3) d 194.0, 157.8, 146.5, 144.9, 143.22, 143.18, 142.5, 134.9, 134.0, 
132.8, 129.0, 123.6, 119.3, 117.6, 111.2, 25.8, 25.0, 18.4, 2.1, -3.5, and -4.1. 
IR (neat) 2954, 2930, 2896, 2859, 1710, 1608, 1581, 1468, 1405, 1355, 1300, 1243, 1204, 1144, 
994, 863, 838, 781, and 765 cm-1. 
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Triyne S6 was prepared following general procedure A from diyne S5 (see Section 5.2) (42 mg, 
0.2 mmol) and ((4-bromo-2-methylbut-3-yn-2-yl)oxy)(tert-butyl)dimethylsilane142 (83 mg, 0.3 
mmol). The crude material was purified by flash chromatography (hexanes:EtOAc 10:1) to give 
S6 (70 mg, 86%) as a colorless oil. 
1H NMR (CDCl3, 500 MHz) d 7.68 (d, J = 7.8 Hz, 1H, H6), 7.52 (d, J = 7.7 Hz, 1H, H3), 7.39 
(dd, J = 7.7, 7.7 Hz, 1H, H5), 7.29 (dd, J = 7.6, 7.6 Hz, 1H, H4), 5.80 (d, J = 5.5 Hz, 1H, CHOH), 
2.37 (d, J = 5.5 Hz, 1H, CHOH), 1.52 [s, 6H, C(CH3)2], 1.25 [s, 9H, C(CH3)3], 0.88 [s, 9H, 
OSiC(CH3)3], and 0.20 [s, 6H, OSi(CH3)2].  
13C NMR (125 MHz, CDCl3) d 144.5, 133.8, 129.7, 128.2, 126.9, 120.3, 96.1, 89.2, 78.7, 77.8, 
75.7, 67.6, 67.0, 63.3, 32.8, 31.0, 27.7, 25.8, 18.1, and -2.8. 
IR (neat) 3336, 2967, 2930, 2898, 2858, 2236, 1473, 1360, 1255, 1213, 1162, 1040, 1005, 838, 
777, and 758 cm-1. 




Ketone 1c was prepared following general procedure B from alcohol S6 (62 mg, 0.15 mmol) to 
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1H NMR (CDCl3, 500 MHz) d 8.02 (dd, J = 7.7, 1.4 Hz, 1H, H6), 7.62 (dd, J = 7.6, 1.4 Hz, 1H, 
H3), 7.49 (ddd, J = 7.7, 7.7, 1.4 Hz, 1H, H5 or H4), 7.44 (ddd, J = 7.6, 7.6, 1.4 Hz, 1H, H4 or H5), 
1.52 [s, 6H, SiOC(CH3)2], 1.37 [s, 9H, C(CH3)3], 0.88 [s, 9H, OSiC(CH3)3], and 0.20 [s, 6H, 
OSi(CH3)3].  
13C NMR (125 MHz, CDCl3) d 177.5, 139.9, 135.8, 132.3, 131.5, 128.7, 121.7, 104.9, 89.8, 79.5, 
79.3, 76.6, 68.2, 67.0, 32.8, 30.2, 28.2, 25.8, 18.1, and -2.8. 
IR (neat) 2956, 2930, 2897, 2857, 2211, 2149, 1652, 1590, 1562, 1473, 1462, 1361, 1288, 1267, 
1228, 1211, 1162, 1039, 881, 837, 777, and 754 cm-1. 
HRMS (ESI-Orbitrap): Calcd for [(C26H34NaO2Si)+] [(M+Na)+] 429.2220; found: 429.2211. 
1-(tert-Butyl)-3-((tert-butyldimethylsilyl)oxy)-2-(prop-1-en-2-yl)-9H-fluoren-9-one (2c) 
 
Fluorenone 2c was prepared following general procedure C from triyne 1c (32 mg, 0.08 mmol) at 
170 °C for 14 h. The crude material was purified by MPLC (hexanes:EtOAc 80:1) to give the 
fluorenone 2c (20 mg, 62%) as a yellow crystalline solid. 
1H NMR (CDCl3, 500 MHz) d 7.55 (d, J = 7.3 Hz, 1H, H8), 7.40 (dd, J = 7.4, 7.4 Hz, 1H, H6), 
7.34 (d, J = 7.3 Hz, 1H, H5), 7.24 (dd, J = 7.4, 7.4 Hz, 1H, H7), 6.82 (s, 1H, H4), 5.12 (dq, J = 
2.3, 1.3 Hz, 1H, C=CHEHZ), 4.74 (dq, J = 2.1, 0.9 Hz 1H, C=CHEHZ), 2.12 (s, 3H, CCH3), 1.56 [s, 
9H, OSiC(CH3)3], 1.01 [s, 9H, C(CH3)3], 0.32 (s, 3H, OSiCH3) and 0.24 (s, 3H, OSiCH3).  
13C NMR (125 MHz, CDCl3,) d 193.6, 159.5, 154.4, 147.5, 144.5, 142.3, 136.0, 135.0, 133.7, 
129.1, 126.8, 123.7, 118.7, 117.4, 108.5, 38.4, 32.0, 25.9, 25.8, 18.5, -3.5, and -4.0. 
IR (neat) 2954, 2929, 2859, 1703, 1606, 1590, 1548, 1472, 1405, 1361, 1301, 1265, 1217, 1128, 
999, 950, 835, 782, and 763 cm-1. 
HRMS (ESI-Orbitrap): Calcd for [(C26H35O2Si)+] [(M+H)+] 407.2401; found: 407.2398. 












170 °C, 14 h





N-Bromosuccinimide (641 mg, 3.6 mmol) and silver nitrate (51 mg, 0.3 mmol) were successively 
added to a solution of tert-butyl((1-ethynylcyclopentyl)oxy)dimethylsilane143 (672 mg, 3.0 mmol) 
in acetone (10 mL). The reaction mixture was stirred at room temperature for 4 h and diluted with 
hexanes. After passing through a small plug of silica gel (hexanes elution), the filtrate was 
concentrated and directly used in the next step. The yield of ((1-
(bromoethynyl)cyclopentyl)oxy)(tert-butyl)dimethylsilane (S7) was estimated from NMR 
analysis to be 80%, using n-butylamine as an added internal standard in CDCl3. 
Triyne S8 was prepared following general procedure A from diyne S1 (46 mg, 0.2 mmol) and S7 
(73 mg, 0.24 mmol). The crude material was purified by flash chromatography (hexanes:EtOAc 
9:1) to give S8 (47 mg, 52%) as a light yellow oil. 
1H NMR (CDCl3, 500 MHz) d 7.70 (d, J = 7.8 Hz, 1H, H6), 7.52 (d, J = 7.6 Hz, 1H, H3), 7.40 
(dd, J = 7.5, 7.5 Hz, 1H, H5 or H4), 7.29 (dd, J = 7.5, 7.5 Hz, 1H, H4 or H5), 5.82 (d, J = 5.6 Hz, 
1H, CHOH), 2.44 (d, J = 5.6 Hz, 1H, CHOH), 1.95 (br t, J = 6.5 Hz, 4H, H7 and H10), 1.83–1.77 
(m, 2H, C8HaHbC9HaHb), 1.77–1.71 (m, 2H, C8HaHbC9HaHb), 0.88 [s, 9H, OSiC(CH3)3], 0.21 [s, 
6H, OSi(CH3)2], and 0.20 [s, 9H, Si(CH3)3].  
13C NMR (125 MHz, CDCl3) d 143.5, 133.8, 129.7, 128.5, 127.0, 120.6, 104.2, 92.0, 88.5, 78.9, 
76.0, 75.6, 68.5, 63.5, 43.6, 25.8, 23.3, 18.1, 0.0 and -3.1. 
IR (neat) 3336, 2956, 2929, 2857, 2237, 2180, 1472, 1463, 1360, 1250, 1203, 1054, 985, 840, 
777, and 759 cm-1. 
HRMS (ESI-Orbitrap): Calcd for [(C27H38NaO2Si2)+] [(M+Na)+] 473.2303; found: 473.2294. 
                                                
143  Padwa, A.; Austin, D. J.; Gareau, Y.; Kassir, J. M.; Xu, S. L. Rearrangement of Alkynyl and Vinyl 
Carbenoids via the Rhodium(II)-Catalyzed Cyclization Reaction of α-Diazo Ketones. J. Am. Chem. Soc. 
























Triyne 1d was prepared following general procedure B from alcohol S8 (42 mg, 0.09 mmol) to 
give 1d (39 mg, 94%) as a light yellow oil. 
1H NMR (CDCl3, 500 MHz) d 8.10 (dd, J = 7.8, 1.5 Hz, 1H, H6), 7.63 (dd, J = 7.7, 1.4 Hz, 1H, 
H3), 7.51 (ddd, J = 7.5, 7.5, 1.5 Hz, 1H, H4), 7.45 (ddd, J = 7.6, 7.6, 1.4 Hz, 1H, H5), 1.94 (br t, J 
= 5.8 Hz, 4H, H7 and H10), 1.83–1.77 (m, 2H, C8HaHbC9HaHb), 1.77–1.70 (m, 2H, 
C8HaHbC9HaHb), 0.87 [s, 9H, OSiC(CH3)3], 0.31 [s, 9H, Si(CH3)3], and 0.21 [s, 6H, OSi(CH3)2].  
13C NMR (125 MHz, CDCl3) d 176.6, 139.0, 135.9, 132.6, 132.0, 128.7, 121.9, 101.47, 101.46, 
89.1, 79.8, 76.6, 76.0, 69.1, 43.6, 25.8, 23.3, 18.1, -0.5, and -3.1. 
IR (neat) 2956, 2929, 2897, 2856, 2240, 2152, 1652, 1590, 1561, 1480, 1472, 1275, 1252, 1235, 
1202, 1056, 1015, 847, 777, and 755 cm-1. 
HRMS (ESI-Orbitrap): Adduct of molecular ion not observed; Calcd for sodiated adduct of the 
proto-de(trimethyl)silylated product: [(C24H28NaO2Si)+] [(M+Na)+] 399.1751; found: 399.1745. 
3-((tert-Butyldimethylsilyl)oxy)-2-(prop-1-en-2-yl)-1-(trimethylsilyl)-9H-fluoren-9-one (2d) 
 
Fluorenone 2d was prepared following general procedure C from triyne 1d (24 mg, 0.05 mmol) at 
150 oC for 14 h. The crude material was purified by MPLC (hexanes:EtOAc 80:1) to give the 
fluorenone 2d (17 mg, 71%) as a yellow crystalline solid. 
1H NMR (CDCl3, 500 MHz) d 7.55 (d, J = 7.2 Hz, 1H, H8), 7.42 (dd, J = 7.3, 7.3 Hz, 1H, H6), 
7.37 (d, J = 7.2 Hz, 1H, H5), 7.24 (dd, J = 7.3, 7.3 Hz, 1H, H7), 6.89 (s, 1H, H4), 5.42 (tt, J = 4.0, 
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H12b), 2.01 (tt, J = 7.8, 7.8 Hz, 2H, H11), 0.99 [s, 9H, OSiC(CH3)3], 0.31 [s, 9H, Si(CH3)3], and 
0.25 [s, 6H, OSi(CH3)2].  
13C NMR (125 MHz, CDCl3) d 194.1, 158.4, 146.4, 144.0, 143.3, 143.0, 138.0, 134.9, 133.9, 
132.8, 131.0, 129.0, 123.6, 119.2, 111.2, 37.3, 33.3, 25.8, 22.8, 18.4, 1.8, and -3.8. 
IR (neat) 2954, 2930, 2896, 2857, 1708, 1606, 1582, 1465, 1401, 1360, 1297, 1243, 1200, 1132, 
967, 935, 863, 839, 782, and 752 cm-1. 
HRMS (ESI-Orbitrap): Calcd for [(C26H33O2Si2)+] [(M+H–CH4)+] 433.2014; found: 433.2008. 
m.p. 173–175 °C. 
This example was also performed on a 1 mmol scale. Namely, triyne 1d (0.45 g, 1 mmol) was 
dissolved in chlorobenzene (20 mL) in a 55 mL threaded culture tube. The headspace of the 
vessel was gently flushed with N2 gas. The culture tube was sealed with a Teflon-lined screw-cap, 
and heated for 24 h at 150 °C in an oil bath. The solvent was removed in vacuo, and the residue 
was directly subjected to flash column chromatography (50:1, hexanes:EtOAc) to afford 
fluorenone 2d (0.33 g, 0.74 mmol). This product was then washed with cold MeOH (2x5 mL) to 
yield pure 2d (0.30 g, 0.66 mmol, 66% yield) as a yellow-orange crystalline solid. 
6-((tert-Butyldimethylsilyl)oxy)-6-methylhepta-2,4-diyn-1-yl 3-(trimethylsilyl)propiolate (8a)  
 
To a solution of 6-((tert-butyldimethylsilyl)oxy)-6-methylhepta-2,4-diyn-1-ol S17 (25 mg, 0.1 
mmol) and 3-(trimethylsilyl)propiolic acid (17 mg, 0.12 mmol) in dichloromethane cooled at 0 °C 
was added DCC (25 mg, 0.12 mmol) and DMAP (2 mg, 0.02 mmol). The reaction mixture was 
stirred for an additional 2 hours at the same temperature. The resulting suspension was filtered 
through Celite®, concentrated, and purified with MPLC (hexanes:EtOAc 50:1) to afford ester 8a 
(20 mg, 53%) as a colorless oil. 
1H NMR (CDCl3, 500 MHz) d 4.83 (s, 2H, OCH2), 1.47 [s, 6H, C(CH3)2], 0.86 [s, 9H, 
SiC(CH3)3], 0.25 [s, 9H, Si(CH3)3], and 0.16 [s, 6H, Si(CH3)2]. 
13C NMR (125 MHz, CDCl3) d 152.1, 96.1, 93.6, 85.6, 71.9, 71.8, 66.8, 66.7, 53.8, 32.6, 25.8, 
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IR (neat) 2984, 2958, 2931, 2897, 2858, 2256, 2175, 1723, 1473, 1361, 1254, 1205, 1171, 1157, 
1041, 847, and 777 cm-1.  




Benzofuranone 9a was prepared following general procedure C from triyne 8a (11 mg, 0.03 
mmol) at 180 °C for 14 h. The crude material was purified by MPLC (hexanes:EtOAc 10:1) to 
give the fluorenone 9a (6 mg, 55%) as a white crystalline solid. 
1H NMR (CDCl3, 500 MHz) d 6.77 (s, 1H, ArH), 5.16 (s, 2H, OCH2), 5.15 (dq, J = 2.0, 1.7 Hz, 
1H, C=CHEHZ), 4.78 (dq, J = 1.9, 0.8 Hz, 1H, C=CHEHZ), 2.05 (s, 3H, CCH3), 0.99 [s, 9H, 
OSiC(CH3)3], 0.39 [s, 9H, Si(CH3)3], 0.27 (s, 3H, OSiCH3), and 0.21 (s, 3H, OSiCH3). 
13C NMR (125 MHz, CDCl3) d 171.4, 157.6, 148.4, 144.5, 144.2, 142.1, 122.9, 117.9, 111.2, 
68.3, 25.7, 25.1, 18.4, 2.1, -3.7 and -4.2. 
IR (neat) 2951, 2898, 2859, 1742, 1577, 1410, 1307, 1258, 1246, 1167, 1055, 1025, 893, 839, 
and 786 cm-1.  
HRMS (ESI-Orbitrap): Calcd for (C19H29O3Si2)+ [(M+H–CH4)+] 361.1650; found: 361.1649. 
m.p. 170–172 °C. 
Computational methods and Data for Figure 4.10 
The DFT calculations were conducted using Gaussian 09. The geometry of each stationary point 
was initially optimized at the B3LYP/6-31G(d) level of theory in the gas phase. The nature of the 
optimized structure was verified by frequency calculation (298 K, at the same level of theory). 
Single point calculations were then performed at the B3LYP-D3BJ/6-311+G(d,p) level of theory 
with SMD (chlorobenzene) solvation model for each of the previously optimized geometries. The 
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For benzyne A, an initial Monte Carlo conformational search was performed using MacroModel 
(version 11.0, MMFF forcefield) and Maestro (version 10.4.017), implemented in the 
Schrödinger software suite. Each resulting conformer was then subjected to a DFT gas-phase 
geometry optimization, frequency calculation, and single point calculation sequence using the 
method described in the above paragraph. The free energy of each conformer was then used to 
determine the Boltzmann-averaged free energy of benzyne A.  
 
A-conformer1 
Zero-point correction=                             0.391363 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.335617 
Sum of electronic and thermal Free Energies=      -1467.779912 
SCRF [B3LYP-D3BJ/6-311+G(d,p)] =      -1468.546181 
Free Energy [B3LYP-D3BJ/6-311+G(d,p)] =     -1468.210564 
Boltzmann Distribution % = 81% 
--------------------------------------------------------------------- 
 Center      Atomic      Atomic         Coordinates (Angstroms) 
 Number    Number      Type          X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        1.522591   -2.844890    0.396316 
      2          6           0        0.465997   -2.276920    0.758961 
      3          6           0       -0.056496   -1.004492    0.835625 
      4          6           0        0.946849   -0.066157    0.390672 
      5          6           0        2.185322   -0.615859   -0.077117 
      6          6           0        2.508600   -1.992362   -0.079876 
      7          6           0        3.876968   -2.201274   -0.645216 
      8          6           0        3.362423    0.060117   -0.709026 
      9          8           0        4.314673   -0.884450   -1.000970 
     10          8           0        3.556067    1.218948   -0.991002 
     11          6           0       -1.496020   -0.788433    1.335671 
     12          6           0       -2.212916   -2.152308    1.391239 
     13          6           0       -1.491514   -0.200344    2.757690 
     14         14           0        0.815896    1.897864    0.416689 
     15          6           0        0.756666    2.494749   -1.378695 
     16          6           0       -0.673490    2.715641    1.263010 
     17          6           0        2.273643    2.545313    1.441525 
     18          8           0       -2.200055    0.113497    0.483988 
     19         14           0       -3.004973   -0.084693   -0.986015 
     20          6           0       -3.430840    1.672379   -1.510120 
     21          6           0       -1.910859   -0.922171   -2.277746 
     22          6           0       -4.618548   -1.050139   -0.783391 
     23          1           0        3.882261   -2.830393   -1.543224 
     24          1           0        4.581977   -2.626851    0.079109 
     25          1           0       -3.242125   -2.011503    1.734141 
     26          1           0       -2.233892   -2.638940    0.411181 
     27          1           0       -1.709767   -2.827922    2.091073 
     28          1           0       -2.522230   -0.017668    3.079225 
     29          1           0       -1.025647   -0.905886    3.453710 
     30          1           0       -0.943065    0.738483    2.805084 
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     31          1           0        0.823782    3.590114   -1.397519 
     32          1           0        1.574913    2.100566   -1.982651 
     33          1           0       -0.197120    2.217932   -1.843732 
     34          1           0       -0.649985    3.763905    0.933050 
     35          1           0       -1.642044    2.294626    0.995622 
     36          1           0       -0.585100    2.732580    2.354548 
     37          1           0        2.200401    3.639590    1.493740 
     38          1           0        2.204708    2.170199    2.470653 
     39          1           0        3.252802    2.293144    1.035824 
     40          1           0       -3.996274    1.668430   -2.450255 
     41          1           0       -4.049560    2.168375   -0.753264 
     42          1           0       -2.536864    2.286495   -1.661113 
     43          1           0       -2.437578   -0.977247   -3.239069 
     44          1           0       -0.982471   -0.362868   -2.438324 
     45          1           0       -1.634888   -1.945065   -1.996844 
     46          1           0       -5.213035   -0.970914   -1.702821 
     47          1           0       -4.463728   -2.115372   -0.584057 




Zero-point correction=                            0.391385 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.335715 
Sum of electronic and thermal Free Energies=      -1467.779083 
SCRF [B3LYP-D3BJ/6-311+G(d,p)] =      -1468.544867 
Free Energy [B3LYP-D3BJ/6-311+G(d,p)] =     -1468.209152 
Boltzmann Distribution % = 18% 
--------------------------------------------------------------------- 
 Center      Atomic      Atomic         Coordinates (Angstroms) 
 Number     Number      Type         X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -2.068564   -2.785039    0.264215 
      2          6           0       -0.910060   -2.387130    0.527872 
      3          6           0       -0.212738   -1.195824    0.541180 
      4          6           0       -1.129027   -0.121341    0.254957 
      5          6           0       -2.463397   -0.485518   -0.113954 
      6          6           0       -2.974807   -1.801904   -0.105463 
      7          6           0       -4.392079   -1.806314   -0.584131 
      8          6           0       -3.546488    0.350611   -0.717247 
      9          8           0       -4.648375   -0.440130   -0.934949 
     10          8           0       -3.557460    1.511897   -1.050259 
     11          6           0        1.306882   -1.198043    0.781850 
     12          6           0        1.618089   -1.014516    2.280500 
     13          6           0        1.846519   -2.570249    0.326851 
     14         14           0       -0.769693    1.790386    0.496436 
     15          6           0       -0.534864    2.607030   -1.189279 
     16          6           0       -2.212480    2.512131    1.498745 
     17          6           0        0.700343    2.249441    1.604329 
     18          8           0        1.889169   -0.146779    0.014406 
     19         14           0        3.404115    0.053896   -0.699479 
     20          6           0        4.816648   -0.274350    0.516586 
     21          6           0        3.610067   -1.029321   -2.234749 
     22          6           0        3.454631    1.861053   -1.221540 
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     23          1           0       -5.107055   -2.115678    0.187890 
     24          1           0       -4.547795   -2.432415   -1.470528 
     25          1           0        2.700667   -1.036795    2.443747 
     26          1           0        1.230448   -0.067115    2.653809 
     27          1           0        1.165361   -1.825005    2.861882 
     28          1           0        2.924802   -2.632813    0.502759 
     29          1           0        1.372174   -3.379338    0.892612 
     30          1           0        1.649549   -2.734126   -0.736055 
     31          1           0       -0.341149    3.679587   -1.061769 
     32          1           0        0.320338    2.172518   -1.717658 
     33          1           0       -1.428358    2.492504   -1.807052 
     34          1           0       -1.956806    3.545560    1.767629 
     35          1           0       -3.162886    2.527810    0.966598 
     36          1           0       -2.340757    1.960462    2.438871 
     37          1           0        0.531990    1.965085    2.649407 
     38          1           0        1.660022    1.853270    1.278565 
     39          1           0        0.755653    3.346875    1.585643 
     40          1           0        5.774603   -0.021152    0.044245 
     41          1           0        4.720400    0.347282    1.414513 
     42          1           0        4.881866   -1.320205    0.837887 
     43          1           0        4.504163   -0.718298   -2.790358 
     44          1           0        3.722971   -2.093046   -2.000649 
     45          1           0        2.751558   -0.922516   -2.908256 
     46          1           0        4.412044    2.086919   -1.707688 
     47          1           0        2.657700    2.098624   -1.934407 




Zero-point correction=                           0.391379 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=       0.334652 
Sum of electronic and thermal Free Energies=    -1467.779144 
SCRF [B3LYP-D3BJ/6-311+G(d,p)] =      -1468.541371 
Free Energy [B3LYP-D3BJ/6-311+G(d,p)] =     -1468.206719 
Boltzmann Distribution % = 1% 
--------------------------------------------------------------------- 
 Center      Atomic      Atomic         Coordinates (Angstroms) 
 Number     Number      Type         X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        0.329079    2.639511    0.159419 
      2          6           0       -0.324693    1.568439    0.118346 
      3          6           0       -0.125752    0.210173    0.036545 
      4          6           0        1.284471   -0.064736    0.023741 
      5          6           0        2.148126    1.083347    0.034760 
      6          6           0        1.705971    2.420844    0.113035 
      7          6           0        2.881527    3.347402    0.084759 
      8          1           0        2.860562    4.045563   -0.760310 
      9          1           0        2.996277    3.926617    1.008940 
     10          6           0        3.631198    1.164143   -0.121570 
     11          8           0        4.013731    2.479747   -0.062531 
     12          8           0        4.457259    0.299724   -0.306018 
     13          6           0       -1.390639   -0.652347   -0.088053 
     14          6           0       -1.377203   -1.468382   -1.389636 
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     15          1           0       -2.279599   -2.083644   -1.463496 
     16          1           0       -1.352297   -0.782840   -2.241618 
     17          1           0       -0.507938   -2.124126   -1.452870 
     18          6           0       -1.636075   -1.497672    1.168130 
     19          1           0       -2.559053   -2.078559    1.060828 
     20          1           0       -0.820508   -2.194712    1.350737 
     21          1           0       -1.733090   -0.843908    2.039928 
     22         14           0        2.168179   -1.813184    0.049024 
     23          6           0        2.962043   -2.102872   -1.642424 
     24          1           0        2.194893   -2.206058   -2.419905 
     25          1           0        3.640454   -1.294055   -1.918796 
     26          1           0        3.538992   -3.036227   -1.623663 
     27          6           0        1.119823   -3.370818    0.381683 
     28          1           0        0.263090   -3.562800   -0.267636 
     29          1           0        1.822661   -4.201444    0.226527 
     30          1           0        0.789060   -3.442064    1.423200 
     31          6           0        3.346815   -1.858291    1.531801 
     32          1           0        4.130031   -1.101963    1.495732 
     33          1           0        2.781041   -1.744119    2.465205 
     34          1           0        3.830261   -2.843389    1.566205 
     35          8           0       -2.424985    0.340771   -0.206615 
     36         14           0       -4.095988    0.380090   -0.012746 
     37          6           0       -4.952251   -1.044827   -0.913150 
     38          1           0       -6.041292   -0.934845   -0.831105 
     39          1           0       -4.702661   -1.057540   -1.980279 
     40          1           0       -4.694897   -2.025393   -0.495567 
     41          6           0       -4.584542    2.024442   -0.783129 
     42          1           0       -4.068476    2.856804   -0.291435 
     43          1           0       -4.323146    2.055152   -1.846917 
     44          1           0       -5.663816    2.200167   -0.696661 
     45          6           0       -4.583564    0.353112    1.812421 
     46          1           0       -5.657344    0.553508    1.920024 
     47          1           0       -4.381029   -0.612243    2.289403 





Imaginary frequency =      -119.91 cm-1 
Zero-point correction=                            0.390016 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=        0.333886 
Sum of electronic and thermal Free Energies=     -1467.771054 
SCRF [B3LYP-D3BJ/6-311+G(d,p)] =      -1468.538486 
Free Energy [B3LYP-D3BJ/6-311+G(d,p)] =     -1468.204600 
1.75 Å
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--------------------------------------------------------------------- 
  Center      Atomic     Atomic        Coordinates (Angstroms) 
  Number    Number     Type          X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -0.618351    2.168334   -0.282144 
      2          6           0       -0.777648    0.867038   -0.273437 
      3          6           0       -0.063288   -0.313141   -0.173947 
      4          6           0        1.329966   -0.183567   -0.061627 
      5          6           0        1.704139    1.201819   -0.057032 
      6          6           0        0.799253    2.273806   -0.157334 
      7          6           0        1.593348    3.551922   -0.103063 
      8          1           0        1.498473    4.148202   -1.018294 
      9          1           0        1.321320    4.184839    0.749954 
     10          6           0        3.062585    1.782112    0.078987 
     11          8           0        2.964662    3.146715    0.043334 
     12          8           0        4.138418    1.237940    0.213229 
     13          6           0       -1.231801   -1.293675   -0.189090 
     14          6           0       -1.372894   -2.198247   -1.404556 
     15          1           0       -2.369790   -2.651517   -1.429512 
     16          1           0       -1.218241   -1.629132   -2.324797 
     17          1           0       -0.634952   -3.002756   -1.361151 
     18          6           0       -1.498703   -1.998085    1.135211 
     19          1           0       -2.467930   -2.508425    1.126018 
     20          1           0       -0.727368   -2.753419    1.306335 
     21          1           0       -1.468137   -1.289560    1.966858 
     22         14           0        2.636351   -1.588329    0.049025 
     23          6           0        3.831845   -1.471498   -1.409739 
     24          1           0        3.296719   -1.545375   -2.364506 
     25          1           0        4.387499   -0.531964   -1.390372 
     26          1           0        4.552850   -2.298230   -1.371052 
     27          6           0        1.842825   -3.311562   -0.094391 
     28          1           0        1.394056   -3.492408   -1.076953 
     29          1           0        2.649275   -4.047463    0.022170 
     30          1           0        1.100006   -3.538348    0.677344 
     31          6           0        3.501268   -1.534744    1.728959 
     32          1           0        4.026003   -0.586799    1.868675 
     33          1           0        2.784749   -1.664558    2.549438 
     34          1           0        4.236425   -2.346497    1.800503 
     35          8           0       -2.207312   -0.139839   -0.381094 
     36         14           0       -3.820581    0.294959    0.109728 
     37          6           0       -3.817958    0.728711    1.938323 
     38          1           0       -4.792811    1.138042    2.231856 
     39          1           0       -3.617979   -0.138709    2.576602 
     40          1           0       -3.059957    1.491387    2.148352 
     41          6           0       -4.948820   -1.165764   -0.265618 
     42          1           0       -5.990036   -0.882890   -0.063930 
     43          1           0       -4.887752   -1.458351   -1.319831 
     44          1           0       -4.728449   -2.046458    0.347674 
     45          6           0       -4.186430    1.783308   -0.963587 
     46          1           0       -4.261783    1.504829   -2.020687 
     47          1           0       -5.129485    2.259968   -0.669364 
     48          1           0       -3.375640    2.513636   -0.863119 
 --------------------------------------------------------------------- 




Zero-point correction=                             0.390614 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.334250 
Sum of electronic and thermal Free Energies=      -1467.771519 
SCRF [B3LYP-D3BJ/6-311+G(d,p)] =      -1468.541832 
Free Energy [B3LYP-D3BJ/6-311+G(d,p)] =     -1468.207582 
--------------------------------------------------------------------- 
  Center      Atomic     Atomic         Coordinates (Angstroms) 
  Number    Number      Type         X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -0.798573    2.022111   -0.245431 
      2          6           0       -0.885790    0.683094   -0.248690 
      3          6           0       -0.029036   -0.407535   -0.154482 
      4          6           0        1.347840   -0.185984   -0.057421 
      5          6           0        1.603536    1.223066   -0.059178 
      6          6           0        0.610366    2.216425   -0.142107 
      7          6           0        1.307552    3.550935   -0.093009 
      8          1           0        1.152109    4.143511   -1.002387 
      9          1           0        1.001704    4.157505    0.767755 
     10          6           0        2.913608    1.904597    0.055399 
     11          8           0        2.710902    3.257002    0.028526 
     12          8           0        4.030328    1.440836    0.166756 
     13          6           0       -1.140576   -1.447101   -0.151227 
     14          6           0       -1.315646   -2.330017   -1.370602 
     15          1           0       -2.308645   -2.792051   -1.379837 
     16          1           0       -1.175024   -1.754244   -2.288487 
     17          1           0       -0.570264   -3.130052   -1.344046 
     18          6           0       -1.418987   -2.130201    1.174739 
     19          1           0       -2.377247   -2.659530    1.164046 
     20          1           0       -0.632134   -2.867746    1.359165 
     21          1           0       -1.403246   -1.409675    1.996359 
     22         14           0        2.737193   -1.497876    0.043250 
     23          6           0        3.907123   -1.330233   -1.431194 
     24          1           0        3.367840   -1.440958   -2.380014 
     25          1           0        4.405361   -0.358346   -1.423280 
     26          1           0        4.676664   -2.112077   -1.394887 
     27          6           0        2.013911   -3.255564   -0.069731 
     28          1           0        1.528807   -3.453927   -1.031876 
     29          1           0        2.847885   -3.964551    0.013125 
     30          1           0        1.312449   -3.504212    0.734370 
     31          6           0        3.632290   -1.384734    1.704135 
     32          1           0        4.100978   -0.404856    1.823001 
     33          1           0        2.942706   -1.548083    2.541543 
     34          1           0        4.416425   -2.150049    1.766471 
     35          8           0       -2.141487   -0.231272   -0.329184 
     36         14           0       -3.782562    0.280010    0.099601 
     37          6           0       -3.728408    0.955203    1.847079 
     38          1           0       -4.699014    1.386643    2.121971 
     39          1           0       -3.485072    0.184291    2.586712 
     40          1           0       -2.974617    1.747097    1.907985 
     41          6           0       -4.851347   -1.260270   -0.058814 
     42          1           0       -5.902373   -0.977974    0.084053 
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     43          1           0       -4.769718   -1.712017   -1.053769 
     44          1           0       -4.618182   -2.025807    0.688767 
     45          6           0       -4.196946    1.579244   -1.178549 
     46          1           0       -4.235668    1.153600   -2.187516 
     47          1           0       -5.169280    2.041240   -0.966035 





Imaginary frequency =      -264.45 cm-1 
Zero-point correction=                            0.389024 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.331588 
Sum of electronic and thermal Free Energies=      -1467.772049 
SCRF [B3LYP-D3BJ/6-311+G(d,p)] =      -1468.540526 
Free Energy [B3LYP-D3BJ/6-311+G(d,p)] =     -1468.208938 
--------------------------------------------------------------------- 
  Center      Atomic    Atomic          Coordinates (Angstroms) 
  Number    Number     Type          X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -0.904150    1.871681   -0.106870 
      2          6           0       -0.964814    0.518546   -0.110904 
      3          6           0        0.005296   -0.491260   -0.067652 
      4          6           0        1.367209   -0.167402   -0.027583 
      5          6           0        1.534983    1.249234   -0.029534 
      6          6           0        0.476787    2.176001   -0.063967 
      7          6           0        1.087225    3.552754   -0.042838 
      8          1           0        0.849580    4.136985   -0.939760 
      9          1           0        0.787953    4.136830    0.835602 
     10          6           0        2.801830    2.012662    0.017110 
     11          8           0        2.511430    3.349378    0.006539 
     12          8           0        3.951174    1.622302    0.061608 
     13          6           0       -0.933635   -1.652769   -0.065061 
     14          6           0       -1.171935   -2.428439   -1.328938 
     15          1           0       -2.141676   -2.935245   -1.315218 
     16          1           0       -1.096815   -1.784641   -2.207353 
     17          1           0       -0.392418   -3.197424   -1.401618 
     18          6           0       -1.235499   -2.350144    1.231316 
     19          1           0       -2.192818   -2.878830    1.196634 
     20          1           0       -0.447595   -3.095423    1.399619 
     21          1           0       -1.219678   -1.650826    2.069732 
     22         14           0        2.839609   -1.387758    0.023317 
     23          6           0        3.925447   -1.180677   -1.509228 
     24          1           0        3.353109   -1.354534   -2.428800 
1.82 Å
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     25          1           0        4.352115   -0.175818   -1.547381 
     26          1           0        4.750482   -1.904292   -1.490655 
     27          6           0        2.219996   -3.189212   -0.014921 
     28          1           0        1.691193   -3.446366   -0.939564 
     29          1           0        3.101128   -3.842187    0.031323 
     30          1           0        1.589048   -3.459458    0.839209 
     31          6           0        3.804460   -1.191269    1.636169 
     32          1           0        4.219181   -0.183592    1.715222 
     33          1           0        3.166211   -1.377636    2.508709 
     34          1           0        4.634645   -1.908164    1.673352 
     35          8           0       -2.162144   -0.310353   -0.154264 
     36         14           0       -3.811690    0.268974    0.041797 
     37          6           0       -3.949145    1.148024    1.692763 
     38          1           0       -4.971197    1.514068    1.853238 
     39          1           0       -3.696926    0.485187    2.528648 
     40          1           0       -3.264650    2.001131    1.709548 
     41          6           0       -4.813769   -1.327144    0.016050 
     42          1           0       -5.883103   -1.093451    0.091617 
     43          1           0       -4.669515   -1.886515   -0.915601 
     44          1           0       -4.567338   -1.988038    0.855012 
     45          6           0       -4.222582    1.363950   -1.422690 
     46          1           0       -4.115792    0.823718   -2.370341 
     47          1           0       -5.255173    1.730581   -1.358414 




Zero-point correction=                            0.390212 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.333045 
Sum of electronic and thermal Free Energies=      -1467.799232 
SCRF [B3LYP-D3BJ/6-311+G(d,p)] =      -1468.561404 
Free Energy [B3LYP-D3BJ/6-311+G(d,p)] =     -1468.228359 
--------------------------------------------------------------------- 
   Center      Atomic      Atomic          Coordinates (Angstroms) 
   Number     Number      Type         X           Y           Z 
--------------------------------------------------------------------- 
      1          6           0       -1.155153    1.364614   -0.350883 
      2          6           0       -1.187001   -0.003102   -0.191514 
      3          6           0        0.042115   -0.828478   -0.017285 
      4          6           0        1.315343   -0.127034    0.151691 
      5          6           0        1.231163    1.251341    0.236108 
      6          6           0        0.038263    1.969756   -0.089631 
      7          6           0        0.422990    3.419654   -0.239747 
      8          1           0        0.332400    3.775651   -1.273455 
      9          1           0       -0.159107    4.083900    0.407501 
     10          6           0        2.311956    2.255274    0.421742 
     11          8           0        1.802825    3.498155    0.164908 
     12          8           0        3.456441    2.106502    0.789180 
     13          6           0       -0.136626   -2.181021    0.263655 
     14          6           0        0.620973   -2.857846    1.368566 
     15          1           0        0.900225   -3.885981    1.114090 
     16          1           0        1.497731   -2.301333    1.700337 
     17          1           0       -0.058011   -2.927831    2.233940 
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     18          6           0       -1.173424   -3.050618   -0.385633 
     19          1           0       -0.676091   -3.973766   -0.717552 
     20          1           0       -1.951743   -3.354070    0.326633 
     21          1           0       -1.655918   -2.578688   -1.239568 
     22         14           0        3.024856   -0.943458   -0.265588 
     23          6           0        3.873853    0.080502   -1.614093 
     24          1           0        3.214356    0.215457   -2.480068 
     25          1           0        4.192757    1.062765   -1.261534 
     26          1           0        4.763889   -0.458586   -1.963538 
     27          6           0        2.774797   -2.643052   -1.081909 
     28          1           0        2.012708   -2.613394   -1.869482 
     29          1           0        3.722351   -2.915076   -1.564620 
     30          1           0        2.524888   -3.454758   -0.394238 
     31          6           0        4.132348   -1.111871    1.257076 
     32          1           0        4.305083   -0.125076    1.695213 
     33          1           0        3.707670   -1.766136    2.027262 
     34          1           0        5.103800   -1.532168    0.967248 
     35          8           0       -2.359949   -0.636921    0.019349 
     36         14           0       -3.899994    0.149534   -0.009808 
     37          6           0       -4.271126    0.846465   -1.717364 
     38          1           0       -5.302126    1.221001   -1.757597 
     39          1           0       -3.590873    1.665253   -1.963163 
     40          1           0       -4.170400    0.072832   -2.487924 
     41          6           0       -4.057595    1.422272    1.366723 
     42          1           0       -3.760550    0.996250    2.332551 
     43          1           0       -3.426947    2.293597    1.171191 
     44          1           0       -5.099194    1.756639    1.459138 
     45          6           0       -5.037406   -1.311892    0.346215 
     46          1           0       -6.087822   -0.995664    0.357569 
     47          1           0       -4.936742   -2.094395   -0.415061 




Imaginary frequency =      -47.95 cm-1 
Zero-point correction=                             0.390321 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.334564 
Sum of electronic and thermal Free Energies=      -1467.794876 
SCRF [B3LYP-D3BJ/6-311+G(d,p)] =      -1468.556571 
Free Energy [B3LYP-D3BJ/6-311+G(d,p)] =     -1468.222007 
--------------------------------------------------------------------- 
   Center     Atomic    Atomic         Coordinates (Angstroms) 
   Number   Number     Type          X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        1.385869    1.114591   -0.052175 
2.57 Å
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      2          6           0        1.181149   -0.278047    0.015025 
      3          6           0       -0.115465   -0.957979   -0.181405 
      4          6           0       -1.329991   -0.120400   -0.160055 
      5          6           0       -1.091959    1.228583   -0.293702 
      6          6           0        0.224161    1.806248   -0.276084 
      7          6           0        0.046890    3.297369   -0.391515 
      8          1           0        0.421950    3.833804    0.487442 
      9          1           0        0.529973    3.714066   -1.282786 
     10          6           0       -2.066749    2.346093   -0.422467 
     11          8           0       -1.373830    3.519918   -0.501568 
     12          8           0       -3.274640    2.318223   -0.506614 
     13          6           0       -0.110993   -2.257932   -0.674816 
     14          6           0       -1.204554   -2.768092   -1.569438 
     15          1           0       -1.550712   -3.758853   -1.255612 
     16          1           0       -2.050009   -2.091087   -1.673981 
     17          1           0       -0.768081   -2.903919   -2.571392 
     18          6           0        1.035181   -3.220637   -0.541547 
     19          1           0        0.713008   -4.228498   -0.821545 
     20          1           0        1.864921   -2.933647   -1.200655 
     21          1           0        1.451089   -3.229009    0.467260 
     22         14           0       -3.036980   -0.749406    0.519379 
     23          6           0       -3.505567    0.354179    1.983198 
     24          1           0       -2.710610    0.367396    2.738501 
     25          1           0       -3.715586    1.380482    1.677146 
     26          1           0       -4.406768   -0.048198    2.463657 
     27          6           0       -2.835478   -2.481903    1.276172 
     28          1           0       -1.948892   -2.549505    1.917284 
     29          1           0       -3.708113   -2.667576    1.915412 
     30          1           0       -2.793929   -3.298067    0.550148 
     31          6           0       -4.404459   -0.771419   -0.786013 
     32          1           0       -4.542695    0.231525   -1.198416 
     33          1           0       -4.204775   -1.465286   -1.610540 
     34          1           0       -5.348255   -1.081714   -0.319667 
     35          8           0        2.295251   -0.978056    0.153975 
     36         14           0        3.728704    0.112778    0.244934 
     37          6           0        3.880144    1.111226    1.841292 
     38          1           0        4.905223    1.057397    2.230831 
     39          1           0        3.604462    2.157508    1.689503 
     40          1           0        3.214662    0.703563    2.611794 
     41          6           0        4.210485    0.973067   -1.366857 
     42          1           0        3.706889    0.501889   -2.219864 
     43          1           0        3.923705    2.027555   -1.359248 
     44          1           0        5.291793    0.891760   -1.538818 
     45          6           0        4.963498   -1.325573    0.435032 
     46          1           0        5.988294   -0.944732    0.534214 
     47          1           0        4.752203   -1.931039    1.325383 




Zero-point correction=                             0.392190 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.336147 
Sum of electronic and thermal Free Energies=      -1467.849702 
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SCRF [B3LYP-D3BJ/6-311+G(d,p)] =      -1468.614408 
Free Energy [B3LYP-D3BJ/6-311+G(d,p)] =     -1468.278261 
--------------------------------------------------------------------- 
   Center      Atomic      Atomic          Coordinates (Angstroms) 
   Number     Number      Type          X         Y         Z 
--------------------------------------------------------------------- 
      1          6           0       -1.670971   -0.083075   -0.007551 
      2          6           0       -0.937789    1.165695    0.300693 
      3          6           0        0.506738    1.253226   -0.127122 
      4          6           0        1.298743    0.012575   -0.133976 
      5          6           0        0.553018   -1.129211   -0.292932 
      6          6           0       -0.891412   -1.160124   -0.308634 
      7          6           0       -1.283510   -2.597015   -0.575489 
      8          1           0       -1.870860   -3.039605    0.234805 
      9          1           0       -1.837550   -2.723017   -1.511501 
     10          6           0        1.033428   -2.516956   -0.500200 
     11          8           0       -0.050334   -3.329456   -0.685804 
     12          8           0        2.161915   -2.950488   -0.560730 
     13          6           0        0.929024    2.434243   -0.694897 
     14          6           0        2.154408    2.521708   -1.564106 
     15          1           0        2.785641    3.370462   -1.274474 
     16          1           0        2.754215    1.614074   -1.590739 
     17          1           0        1.824003    2.725327   -2.593272 
     18          6           0        0.164590    3.730016   -0.641258 
     19          1           0        0.445340    4.378249   -1.477954 
     20          1           0       -0.917954    3.587694   -0.617527 
     21          1           0        0.405608    4.259746    0.289960 
     22         14           0        3.133598   -0.070624    0.510761 
     23          6           0        3.169457   -1.299773    1.949385 
     24          1           0        2.436109   -1.029185    2.718443 
     25          1           0        2.976189   -2.323358    1.623718 
     26          1           0        4.160913   -1.272825    2.419651 
     27          6           0        3.593969    1.597382    1.292275 
     28          1           0        2.825089    1.937373    1.995504 
     29          1           0        4.518453    1.456304    1.867013 
     30          1           0        3.778638    2.403519    0.577665 
     31          6           0        4.390871   -0.540167   -0.821099 
     32          1           0        4.132233   -1.507903   -1.258552 
     33          1           0        4.467954    0.199713   -1.625453 
     34          1           0        5.384173   -0.628654   -0.362635 
     35          8           0       -1.519391    2.118431    0.830950 
     36         14           0       -3.566490    0.000415    0.197309 
     37          6           0       -4.384909   -1.579518   -0.468905 
     38          1           0       -5.474119   -1.453589   -0.419472 
     39          1           0       -4.134385   -1.775763   -1.518168 
     40          1           0       -4.142784   -2.475767    0.113044 
     41          6           0       -4.235073    1.450535   -0.816567 
     42          1           0       -3.994398    1.339919   -1.880899 
     43          1           0       -5.327462    1.505559   -0.730113 
     44          1           0       -3.816167    2.397863   -0.466895 
     45          6           0       -4.012936    0.183932    2.025442 
     46          1           0       -3.652956   -0.667637    2.615285 
     47          1           0       -3.567889    1.094339    2.437711 
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Imaginary frequency =      -1355.83 cm-1 
Zero-point correction=                            0.387446 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.332211 
Sum of electronic and thermal Free Energies=      -1467.831502 
SCRF [B3LYP-D3BJ/6-311+G(d,p)] =      -1468.594203 
Free Energy [B3LYP-D3BJ/6-311+G(d,p)] =     -1468.261992 
--------------------------------------------------------------------- 
   Center     Atomic    Atomic          Coordinates (Angstroms) 
   Number   Number     Type          X           Y           Z 
--------------------------------------------------------------------- 
      1          6           0       -1.666483   -0.084459    0.013748 
      2          6           0       -0.952520    1.157521    0.178993 
      3          6           0        0.512979    1.198388   -0.004274 
      4          6           0        1.274357   -0.009665   -0.071362 
      5          6           0        0.530255   -1.187621   -0.140272 
      6          6           0       -0.883619   -1.213439   -0.129624 
      7          6           0       -1.297625   -2.661595   -0.256019 
      8          1           0       -1.842902   -3.029780    0.619302 
      9          1           0       -1.901823   -2.862218   -1.146331 
     10          6           0        1.011887   -2.576527   -0.298367 
     11          8           0       -0.075757   -3.406075   -0.370656 
     12          8           0        2.138152   -3.012893   -0.393311 
     13          6           0        1.005938    2.493064   -0.389551 
     14          6           0        1.870962    2.617412   -1.616848 
     15          1           0        2.595780    3.431449   -1.523877 
     16          1           0        2.383348    1.686684   -1.865107 
     17          1           0        1.220399    2.859263   -2.470273 
     18          6           0        0.409195    3.661148    0.141101 
     19          1           0        0.651741    4.608800   -0.338491 
     20          1           0       -0.802094    3.224412    0.099287 
     21          1           0        0.349689    3.731468    1.230694 
     22         14           0        3.174860   -0.061540    0.326890 
     23          6           0        3.416027   -1.178011    1.835436 
     24          1           0        2.831993   -0.813755    2.689358 
     25          1           0        3.136241   -2.213117    1.632663 
     26          1           0        4.472979   -1.161759    2.131179 
     27          6           0        3.788658    1.644056    0.900771 
     28          1           0        3.134411    2.092758    1.656783 
1.34 Å
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     29          1           0        4.767029    1.492249    1.375424 
     30          1           0        3.936284    2.374025    0.100373 
     31          6           0        4.207052   -0.620041   -1.154373 
     32          1           0        3.901841   -1.618833   -1.476013 
     33          1           0        4.121274    0.064950   -2.006354 
     34          1           0        5.266874   -0.660122   -0.872331 
     35          8           0       -1.636387    2.224625    0.418199 
     36         14           0       -3.571167    0.027896    0.093544 
     37          6           0       -4.377305   -1.664896   -0.212794 
     38          1           0       -5.466757   -1.534943   -0.180569 
     39          1           0       -4.136922   -2.084122   -1.196599 
     40          1           0       -4.124642   -2.411844    0.548078 
     41          6           0       -4.185701    1.193673   -1.264762 
     42          1           0       -3.916763    0.820968   -2.260582 
     43          1           0       -5.278999    1.279984   -1.229452 
     44          1           0       -3.758520    2.192935   -1.145977 
     45          6           0       -4.115010    0.620173    1.806037 
     46          1           0       -3.795670   -0.078173    2.589191 
     47          1           0       -3.690467    1.602127    2.033943 




Zero-point correction=                             0.392899 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.336820 
Sum of electronic and thermal Free Energies=      -1467.865605 
SCRF [B3LYP-D3BJ/6-311+G(d,p)] =      -1468.635936 
Free Energy [B3LYP-D3BJ/6-311+G(d,p)] =     -1468.299116 
--------------------------------------------------------------------- 
   Center      Atomic      Atomic          Coordinates (Angstroms) 
   Number     Number      Type          X         Y         Z 
--------------------------------------------------------------------- 
      1          6           0        1.689379   -0.046317   -0.013449 
      2          6           0        0.921984    1.134374   -0.043348 
      3          6           0       -0.501309    1.166574   -0.022005 
      4          6           0       -1.252210   -0.027116   -0.009015 
      5          6           0       -0.476197   -1.210865    0.032220 
      6          6           0        0.922342   -1.213654    0.037428 
      7          6           0        1.376844   -2.651265    0.099124 
      8          1           0        1.950540   -2.961833   -0.780527 
      9          1           0        1.968411   -2.880077    0.991794 
     10          6           0       -0.929103   -2.619455    0.117579 
     11          8           0        0.175804   -3.429677    0.148745 
     12          8           0       -2.043204   -3.090663    0.171578 
     13          6           0       -1.099819    2.542805    0.082492 
     14          6           0       -1.447020    3.002089    1.481061 
     15          1           0       -1.883544    4.005905    1.481806 
     16          1           0       -2.152905    2.312735    1.957356 
     17          1           0       -0.549219    3.012081    2.113043 
     18          6           0       -1.195683    3.352267   -0.982955 
     19          1           0       -1.588359    4.362902   -0.895953 
     20          1           0       -0.924946    3.015665   -1.980777 
     21         14           0       -3.187976   -0.131300   -0.124936 
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     22          6           0       -3.645411   -1.125336   -1.669155 
     23          1           0       -3.249640   -0.643059   -2.571701 
     24          1           0       -3.277077   -2.151388   -1.626196 
     25          1           0       -4.737938   -1.158183   -1.769830 
     26          6           0       -4.052422    1.541791   -0.376411 
     27          1           0       -3.749543    2.045387   -1.298795 
     28          1           0       -5.124330    1.315919   -0.462858 
     29          1           0       -3.941200    2.249008    0.450224 
     30          6           0       -3.880990   -0.850893    1.481702 
     31          1           0       -3.494703   -1.854530    1.670745 
     32          1           0       -3.637528   -0.212131    2.340090 
     33          1           0       -4.975056   -0.911648    1.419395 
     34          8           0        1.623237    2.305278   -0.084990 
     35          1           0        0.989496    3.033537   -0.236448 
     36         14           0        3.596386    0.094582   -0.046418 
     37          6           0        4.180706    1.079112    1.459874 
     38          1           0        3.912246    0.571956    2.394468 
     39          1           0        5.272115    1.191314    1.446707 
     40          1           0        3.734299    2.077411    1.476155 
     41          6           0        4.430452   -1.608419    0.024272 
     42          1           0        5.517173   -1.455459    0.002140 
     43          1           0        4.205426   -2.160322    0.943525 
     44          1           0        4.182033   -2.248986   -0.829101 
     45          6           0        4.132703    0.930212   -1.657076 
     46          1           0        3.830465    0.340383   -2.530760 
     47          1           0        3.689701    1.925758   -1.750667 




Zero-point correction=                             0.391846 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.335535 
Sum of electronic and thermal Free Energies=      -1467.843191 
SCRF [B3LYP-D3BJ/6-311+G(d,p)] =      -1468.615095 
Free Energy [B3LYP-D3BJ/6-311+G(d,p)] =     -1468.27956 
--------------------------------------------------------------------- 
   Center      Atomic      Atomic          Coordinates (Angstroms) 
   Number     Number      Type          X         Y          Z 
--------------------------------------------------------------------- 
      1          6           0        1.846162    0.100143   -0.913706 
      2          6           0        1.032823   -1.172241   -0.988805 
      3          6           0       -0.351444   -1.165533   -0.410622 
      4          6           0       -1.030316    0.000627   -0.140270 
      5          6           0       -0.286265    1.253443   -0.372465 
      6          6           0        1.014875    1.296291   -0.754413 
      7          6           0        1.414808    2.718045   -1.013207 
      8          1           0        2.249243    3.064584   -0.394275 
      9          1           0        1.681862    2.886519   -2.065518 
     10          6           0       -0.769181    2.659836   -0.306001 
     11          8           0        0.257248    3.489614   -0.697092 
     12          8           0       -1.838901    3.118306    0.018759 
     13          6           0       -0.904403   -2.548449   -0.233630 
     14          6           0       -1.367814   -3.275286   -1.474385 
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     15          1           0       -1.755662   -4.268871   -1.227545 
     16          1           0       -2.158382   -2.714405   -1.989864 
     17          1           0       -0.535119   -3.387844   -2.175613 
     18          6           0       -0.905006   -3.120386    0.975114 
     19          1           0       -1.267378   -4.135476    1.120121 
     20          1           0       -0.550164   -2.598169    1.859502 
     21         14           0       -2.898765    0.101109    0.401084 
     22          6           0       -3.001992    0.998409    2.064282 
     23          1           0       -2.469490    0.437635    2.842673 
     24          1           0       -2.596560    2.010707    2.014912 
     25          1           0       -4.052106    1.069112    2.375456 
     26          6           0       -3.782938   -1.556194    0.653547 
     27          1           0       -3.412948   -2.118702    1.513967 
     28          1           0       -4.838399   -1.311852    0.839412 
     29          1           0       -3.751285   -2.213990   -0.219552 
     30          6           0       -3.857511    0.949475   -0.996034 
     31          1           0       -3.498582    1.958581   -1.203333 
     32          1           0       -3.803199    0.355846   -1.917357 
     33          1           0       -4.916611    1.017311   -0.715901 
     34          8           0        1.525050   -2.196302   -1.458078 
     35         14           0        3.131652   -0.177650    0.574228 
     36          6           0        4.377537   -1.439119   -0.059090 
     37          1           0        5.025165   -1.006215   -0.830797 
     38          1           0        5.019413   -1.791100    0.757690 
     39          1           0        3.863339   -2.300204   -0.496242 
     40          6           0        3.998808    1.454013    0.982453 
     41          1           0        4.807622    1.252852    1.696555 
     42          1           0        4.455719    1.923535    0.103470 
     43          1           0        3.326868    2.180380    1.452826 
     44          6           0        2.204248   -0.801555    2.092586 
     45          1           0        1.390086   -0.125606    2.377513 
     46          1           0        1.775722   -1.794070    1.918762 
     47          1           0        2.888632   -0.876277    2.946701 





Imaginary frequency =      -324.16 cm-1 
Zero-point correction=                             0.390342 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.334702 
Sum of electronic and thermal Free Energies=      -1467.816652 
SCRF [B3LYP-D3BJ/6-311+G(d,p)] =      -1468.580461 
2.22 Å
2.14 Å
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Free Energy [B3LYP-D3BJ/6-311+G(d,p)] =     -1468.245759 
--------------------------------------------------------------------- 
   Center     Atomic    Atomic         Coordinates (Angstroms) 
   Number   Number     Type          X           Y           Z 
--------------------------------------------------------------------- 
      1          6           0        1.576887    0.536927   -0.793553 
      2          6           0        1.122054   -0.804952   -0.521459 
      3          6           0       -0.267457   -1.098491   -0.223338 
      4          6           0       -1.177205   -0.052185   -0.069607 
      5          6           0       -0.642165    1.295089   -0.142384 
      6          6           0        0.645228    1.579530   -0.529158 
      7          6           0        0.814623    3.066891   -0.614584 
      8          1           0        1.616905    3.443751    0.029734 
      9          1           0        1.006270    3.416614   -1.637621 
     10          6           0       -1.309219    2.588854    0.143557 
     11          8           0       -0.430279    3.605292   -0.162116 
     12          8           0       -2.405408    2.833770    0.591020 
     13          6           0       -0.566558   -2.543902    0.017039 
     14          6           0       -0.368219   -3.498046   -1.137082 
     15          1           0       -0.590957   -4.527780   -0.841254 
     16          1           0       -1.015316   -3.235602   -1.983822 
     17          1           0        0.667831   -3.455927   -1.490983 
     18          6           0       -0.912715   -2.960782    1.240777 
     19          1           0       -1.099836   -4.011799    1.448292 
     20          1           0       -1.010906   -2.272055    2.075276 
     21         14           0       -3.105279   -0.300013    0.052610 
     22          6           0       -3.712631    0.099119    1.796353 
     23          1           0       -3.282963   -0.588014    2.535072 
     24          1           0       -3.455334    1.124079    2.074020 
     25          1           0       -4.804029   -0.004793    1.844706 
     26          6           0       -3.685706   -2.045339   -0.408337 
     27          1           0       -3.520139   -2.786152    0.376336 
     28          1           0       -4.766426   -1.983160   -0.594625 
     29          1           0       -3.223225   -2.418535   -1.328556 
     30          6           0       -3.888313    0.801541   -1.277283 
     31          1           0       -3.723689    1.866059   -1.106075 
     32          1           0       -3.510952    0.538948   -2.273701 
     33          1           0       -4.971541    0.624376   -1.286489 
     34          8           0        2.074583   -1.656008   -0.415764 
     35         14           0        3.429270   -0.131201    0.227883 
     36          6           0        4.754690   -0.929981   -0.856621 
     37          1           0        4.691823   -2.020760   -0.816136 
     38          1           0        4.638166   -0.633686   -1.906775 
     39          1           0        5.755551   -0.612141   -0.539800 
     40          6           0        4.073409    1.659455    0.474581 
     41          1           0        5.064341    1.623511    0.949174 
     42          1           0        4.189177    2.204926   -0.470499 
     43          1           0        3.421516    2.249430    1.129988 
     44          6           0        3.184120   -0.800172    1.973210 
     45          1           0        2.252454   -0.423112    2.411397 
     46          1           0        3.143215   -1.891797    1.989552 
     47          1           0        4.006718   -0.459106    2.614013 
     48          1           0        2.229364    0.643949   -1.665910 





Zero-point correction=                             0.391996 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.334059 
Sum of electronic and thermal Free Energies=      -1467.904469 
SCRF [B3LYP-D3BJ/6-311+G(d,p)] =      -1468.664722 
Free Energy [B3LYP-D3BJ/6-311+G(d,p)] =     -1468.330663 
--------------------------------------------------------------------- 
   Center      Atomic      Atomic         Coordinates (Angstroms) 
   Number     Number      Type         X          Y           Z 
--------------------------------------------------------------------- 
      1          6           0       -0.896481    1.752581    0.545972 
      2          6           0       -1.136894    0.379159    0.485326 
      3          6           0       -0.088746   -0.556811    0.250151 
      4          6           0        1.247642   -0.126025    0.078439 
      5          6           0        1.438637    1.281513    0.096876 
      6          6           0        0.402268    2.181919    0.330899 
      7          6           0        0.949980    3.580053    0.295857 
      8          1           0        0.490780    4.205558   -0.479311 
      9          1           0        0.859643    4.101985    1.256542 
     10          6           0        2.662760    2.089872   -0.145526 
     11          8           0        2.339412    3.420912   -0.011314 
     12          8           0        3.788802    1.759038   -0.436169 
     13          6           0       -0.513750   -1.995262    0.175831 
     14          6           0       -0.846841   -2.680962    1.480128 
     15          1           0       -1.136381   -3.724356    1.318761 
     16          1           0        0.010171   -2.662835    2.164697 
     17          1           0       -1.670452   -2.163995    1.984684 
     18          6           0       -0.635605   -2.604250   -1.009133 
     19          1           0       -0.956679   -3.640883   -1.083548 
     20          1           0       -0.406056   -2.094134   -1.941023 
     21         14           0        2.791891   -1.295066   -0.091095 
     22          6           0        3.516949   -1.118817   -1.828857 
     23          1           0        2.794709   -1.442974   -2.588337 
     24          1           0        3.811495   -0.088233   -2.038085 
     25          1           0        4.406137   -1.754311   -1.928947 
     26          6           0        2.457525   -3.145281    0.167885 
     27          1           0        1.895770   -3.605834   -0.647734 
     28          1           0        3.441889   -3.631288    0.215349 
     29          1           0        1.943503   -3.374979    1.106453 
     30          6           0        4.013416   -0.851475    1.288200 
     31          1           0        4.362384    0.180447    1.228721 
     32          1           0        3.561317   -1.016629    2.274398 
     33          1           0        4.889282   -1.509368    1.218611 
     34          8           0       -2.394792   -0.101958    0.686361 
     35         14           0       -3.818112    0.154705   -0.207930 
     36          6           0       -3.408430    0.172250   -2.045064 
     37          1           0       -2.930985   -0.765364   -2.349959 
     38          1           0       -4.320279    0.297282   -2.642070 
     39          1           0       -2.729589    0.992989   -2.303937 
     40          6           0       -4.627621    1.779399    0.307468 
     41          1           0       -5.617302    1.874939   -0.157198 
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     42          1           0       -4.767054    1.828448    1.393723 
     43          1           0       -4.040611    2.653632    0.002879 
     44          6           0       -4.911283   -1.296844    0.263492 
     45          1           0       -5.886323   -1.237206   -0.235058 
     46          1           0       -4.444636   -2.246684   -0.019426 
     47          1           0       -5.090729   -1.320736    1.344513 
     48          1           0       -1.711452    2.439528    0.752964 
 ---------------------------------------------------------------------  
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Supplementary Information for Chapter 5 
Experimental Data for Section 5.1 
A. General procedure for the HDDA-Cu bromoalkynylation reaction  
The polyyne precursor and the bromoalkyne (1.5 equiv) were added to an oven-dried, threaded 
glass vial. Anhydrous acetonitrile was added to arrive at a polyyne concentration of 0.050 M. The 
headspace of the vial was purged with N2 gas, the copper catalyst (0.10 equiv) was added, and the 
vial was sealed with a Teflon-lined cap. The reaction solution was stirred in a heated oil bath held 
at the indicated temperature. After the polyyne had been consumed (TLC), the vial was cooled to 
room temperature. The solution was concentrated in vacuo, and the residue was directly subjected 
to MPLC for purification, using the indicated elution solvent. 
B. General procedure for the HDDA-Cu hydroalkynylation reaction  
The polyyne precursor, the terminal alkyne (1.1 equiv, respectively), and sodium ascorbate (0.5 
equiv) were added to an oven-dried, threaded glass vial. Anhydrous acetonitrile was added to 
arrive at a polyyne concentration of 0.020 M. The copper catalyst (0.05 equiv) was then added, 
and the vial was sealed with a Teflon-lined cap. The reaction solution was stirred in a heated oil 
bath held at the indicated temperature. After the polyyne had been consumed (TLC), the vial was 
cooled to room temperature. The solution was concentrated in vacuo, and the residue was directly 
subjected to MPLC for purification, using the indicated elution solvent. 



















10 ≡ A B C Ar = Ph
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6-Bromo-5-methyl-7-(phenylethynyl)-4-(prop-1-yn-1-yl)-1-tosylindoline (12a) 
 12a was synthesized according to General Procedure A (27 mg of the starting 
tetrayne A79). Purification by MPLC (hexanes:EtOAc, 2:1) afforded indoline 12a (35 mg, 85%) 
as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.64–7.61 (nfom, 2H, PhHortho), 7.60 (nfod, J = 8.3 Hz, 2H, 
O2SArHortho), 7.36–7.31 (m, 3H, PhHmeta+para), 7.19 (nfod, J = 8.2 Hz, 2H, O2SArHmeta), 4.03 (t, J 
= 7.4 Hz, 2H, TsNCH2), 2.55 (s, 3H, ArCH3), 2.39 (s, 3H, O2SArCH3), 2.39 (t, J = 7.5 Hz, 2H, 
ArCH2), and 2.08 (s, 3H, ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 144.2, 142.2, 139.2, 138.2, 135.6, 132.0, 129.7, 128.7, 128.3, 
127.7, 127.5, 123.5, 121.2, 118.8, 98.9, 95.6, 87.5, 76.3, 53.0, 29.7, 22.4, 21.8, and 4.8. 
IR (neat) 3061, 2959, 2916, 2226, 1597, 1492, 1442, 1361, 1167, 1090, and 757 cm-1.  
HRMS (ESI-TOF): Calcd for C27H2279BrNNaO2S+ [M+Na+]: 526.0447; found: 526.0461. 
m.p. 161–164 °C. 
6-Bromo-7-((4-chlorophenyl)ethynyl)-5-methyl-4-(prop-1-yn-1-yl)-1-tosylindoline (12b) 
 12b was synthesized according to General Procedure A (25 mg of the starting 
tetrayne A79). Purification by MPLC (hexanes:EtOAc, 5:1) afforded indoline 12b [34 mg, 
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1H NMR (500 MHz, CDCl3) δ 7.57 (nfod, J = 8.1 Hz, 2H, O2SArHortho), 7.55 (nfod, J = 8.3 Hz, 
2H, Cl-ArHmeta), 7.31 (nfod, J = 8.5 Hz, 2H, Cl-ArHortho), 7.19 (nfod, J = 8.2 Hz, 2H, O2SArHmeta), 
4.02 (t, J = 7.4 Hz, 2H, TsNCH2), 2.54 (s, 3H, ArCH3), 2.39 (s, 3H, O2SArCH3), 2.35 (t, J = 7.5 
Hz, 2H, ArCH2), and 2.07 (s, 3H, ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 144.3, 142.2, 139.3, 138.3, 135.4, 134.7, 133.2, 129.8, 128.7, 
127.7, 127.4, 122.0, 121.4, 118.5, 97.7, 95.9, 88.4, 76.2, 53.0, 29.6, 22.4, 21.8, and 4.8. 
IR (neat) 2960, 2918, 2874, 2228, 1647, 1491, 1362, 1241, 1167, 1089, and 830 cm-1.  
HRMS (ESI-TOF): Calcd for C27H2179BrClNNaO2S+ [M+Na+]: 560.0057; found: 560.0021. 
m.p. 160–164 °C. 
6-Bromo-7-((4-methoxyphenyl)ethynyl)-5-methyl-4-(prop-1-yn-1-yl)-1-tosylindoline (12c) 
 12c was synthesized according to General Procedure A (25 mg of the starting 
tetrayne A79). Purification by MPLC (hexanes:EtOAc, 5:1) afforded indoline 12c (32 mg, 78%) 
as a pale yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.59 (nfod, J = 8.1 Hz, 2H, O2SArHortho), 7.57 (nfod, J = 8.9 Hz, 
2H, MeO-ArHmeta), 7.19 (nfod, J = 8.2 Hz, 2H, O2SArHmeta), 6.86 (nfod, J = 8.9 Hz, 2H, MeO-
ArHortho), 4.02 (t, J = 7.4 Hz, 2H, TsNCH2), 3.82 (s, 3H, OCH3), 2.54 (s, 3H, ArCH3), 2.39 (s, 3H, 
O2SArCH3), 2.37 (t, J = 7.5 Hz, 2H, ArCH2), and 2.07 (s, 3H, ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 160.0, 144.1, 141.9, 139.2, 138.2, 135.6, 133.6, 129.7, 127.8, 
127.3, 120.8, 119.2, 115.7, 114.0, 99.3, 95.4, 86.4, 76.3, 55.4, 53.0, 29.7, 22.4, 21.8, and 4.8. 
IR (neat) 2960, 2916, 2839, 2212, 1647, 1605, 1511, 1361, 1248, 1168, 1032, and 833 cm-1.  
HRMS (ESI-TOF): Calcd for C28H2479BrNNaO3S+ [M+Na+]: 556.0552; found: 556.0558. 










 12d was synthesized according to General Procedure A (25 mg of the starting 
tetrayne A79). Purification by MPLC (hexanes:EtOAc, 5:1) afforded indoline 12d [37 mg, 
coeluted with 7 wt% of an HBr addition product (MS analysis), 78% corrected yield] as a white 
amorphous solid. 
1H NMR (500 MHz, CDCl3) δ 7.72 (nfod, J = 8.0 Hz, 2H, F3C-ArH), 7.58 (nfod, J = 8.0 Hz, 2H, 
F3C-ArH), 7.57 (nfod, J = 8.1 Hz, 2H, O2SArHortho), 7.20 (nfod, J = 8.2 Hz, 2H, O2SArHmeta), 
4.03 (t, J = 7.4 Hz, 2H, TsNCH2), 2.55 (s, 3H, ArCH3), 2.40 (s, 3H, O2SArCH3), 2.36 (t, J = 7.5 
Hz, 2H, ArCH2), and 2.08 (s, 3H, ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 144.3, 142.5, 139.3, 138.4, 135.4, 132.2, 130.2 (q, J = 33 Hz), 
129.8, 127.7, 127.3 (q, J = 1.3 Hz), 125.2 (q, J = 4.1 Hz), 124.2 (q, J = 272 Hz), 121.9, 118.1, 
97.1, 96.2, 89.7, 76.1, 53.0, 29.6, 22.4, 21.8, and 4.8 (one sp2 carbon resonance was not 
discernible). 
IR (neat) 2963, 2920, 2852, 2232, 1641, 1614, 1362, 1322, 1275, 1167, 1126, and 843 cm-1.  
HRMS (ESI-TOF): Calcd for C28H2179BrF3NNaO2S+ [M+Na+]: 594.0321; found: 594.0323. 
N-(4-(bromoethynyl)phenyl)acetamide (S2) 
 
To a stirred solution of alkyne S1 (115 mg, 0.50 mmol) in acetone (10 mL) was added NBS (98 
mg, 0.55 mmol) and AgNO3 (8.5 mg, 0.050 mmol). The resulting suspension was then stirred at 









r.t. 3 h, 69%
Br NHAc
S1 S2
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was subjected to flash column chromatography (hexanes:EtOAc, 1:1), which afforded 
bromoalkyne S2 (82 mg, 69%, 0.34 mmol) as a pale yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.46 (d, J = 8.5 Hz, 2H, ArH), 7.40 (d, J = 8.5 Hz, 2H, ArH), 7.22 
(br s, 1H, NHAc), and 2.18 (s, 3H, CH3). 
13C NMR (126 MHz, CDCl3) δ 168.3, 138.4, 133.0, 119.4, 118.5, 79.8, 49.4, and 24.9. 
IR (neat) 3424, 2950, 2207, 1645, 1532, 1406, 1371, 1316, 1259, 1177, and 836 cm-1.  
HRMS (ESI-TOF): Calcd for C10H879BrNNaO+ [M+Na+]: 259.9681; found: 259.9687. 
m.p. 153–157 °C. 
N-(4-((6-bromo-5-methyl-4-(prop-1-yn-1-yl)-1-tosylindolin-7-yl)ethynyl)phenyl)acetamide 
(12e) 
 12e was synthesized according to General Procedure A (25 mg of the starting 
tetrayne A79). Purification by MPLC (hexanes:EtOAc, 2:1) afforded indoline 12e (28 mg, 66%) 
as a pale yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.60 (nfod, J = 8.2 Hz, 2H, O2SArHortho), 7.56 (nfod, J = 8.6 Hz, 
2H, AcHN-ArH), 7.49 (nfod, J = 8.6 Hz, 2H, AcHN-ArH’), 7.24 (br s, 1H, NHAc), 7.20 (nfod, J 
= 8.2 Hz, 2H, O2SArHmeta), 4.02 (t, J = 7.4 Hz, 2H, TsNCH2), 2.54 (s, 3H, ArCH3), 2.40 (s, 3H, 
O2SArCH3), 2.39 (t, J = 7.5 Hz, 2H, ArCH2), 2.18 (s, 3H, COCH3), and 2.08 (s, 3H, ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 168.3, 144.2, 139.2, 138.33, 138.28, 137.7, 135.5, 132.9, 132.6, 
129.8, 127.7, 127.6, 127.4, 121.1, 119.3, 98.8, 95.6, 87.2, 76.3, 53.0, 29.7, 24.9, 22.4, 21.8, and 
4.8. 
IR (neat) 3434, 2959, 2919, 2858, 2206, 1644, 1514, 1404, 1362, 1313, 1164, and 992 cm-1.  
HRMS (ESI-TOF): Calcd for C29H2579BrN2NaO3S+ [M+Na+]: 583.0661; found: 583.0639. 
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Methyl 4-((6-Bromo-5-methyl-4-(prop-1-yn-1-yl)-1-tosylindolin-7-yl)ethynyl)benzoate (12f) 
 12f was synthesized according to General Procedure A (25 mg of the starting 
tetrayne A79). Purification by MPLC (hexanes:EtOAc, 5:1) afforded indoline 12f (25 mg, 58%) as 
a pale yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 8.00 (nfod, J = 8.4 Hz, 2H, MeO2C-ArHortho), 7.68 (nfod, J = 8.6 
Hz, 2H, MeO2C-ArHmeta), 7.58 (nfod, J = 8.1 Hz, 2H, O2SArHortho), 7.20 (nfod, J = 8.2 Hz, 2H, 
O2SArHmeta), 4.03 (t, J = 7.4 Hz, 2H, TsNCH2), 3.93 (s, 3H, CO2CH3), 2.55 (s, 3H, ArCH3), 2.40 
(s, 3H, O2SArCH3), 2.38 (t, J = 7.5 Hz, 2H, ArCH2), and 2.08 (s, 3H, ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 166.8, 144.3, 142.4, 139.3, 138.4, 135.4, 131.9, 129.78, 129.76, 
129.5, 128.2, 127.7, 127.6, 121.8, 118.2, 97.8, 96.1, 90.3, 76.2, 53.0, 52.4, 29.6, 22.4, 21.8, and 
4.8. 
IR (neat) 2951, 2916, 2848, 2230, 1719, 1604, 1436, 1362, 1275, 1167, 1106, and 769 cm-1.  
HRMS (ESI-TOF): Calcd for C29H2479BrNNaO4S+ [M+Na+]: 584.0502; found: 584.0489. 
m.p. 198–200 °C. 
5-(6-Bromo-5-methyl-4-(prop-1-yn-1-yl)-1-tosylindolin-7-yl)pent-4-yn-1-ol (12g) 
 12g was synthesized according to General Procedure A (25 mg of the starting 
tetrayne A79). Purification by MPLC (hexanes:EtOAc, 1.5:1) afforded indoline 12g [20 mg, 
coeluted with an unidentified byproduct, 47% corrected yield if the byproduct has an amu the 
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1H NMR (500 MHz, CDCl3) δ 7.53 (nfod, J = 8.3 Hz, 2H, O2SArHortho), 7.22 (nfod, J = 8.1 Hz, 
2H, O2SArHmeta), 3.97 (t, J = 7.5 Hz, 2H, TsNCH2), 3.92 (t, J = 6.0 Hz, 2H, HOCH2), 2.65 (t, J = 
6.6 Hz, 2H, ºCCH2), 2.51 (s, 3H, ArCH3), 2.41 (s, 3H, O2SArCH3), 2.27 (t, J = 7.4 Hz, 2H, 
ArCH2), 2.05 (s, 3H, ºCCH3), 1.99 (br s, 1H, OH), and 1.90 (tt, J = 6.3, 6.3 Hz, 2H, 
CH2CH2CH2). 
13C NMR (126 MHz, CDCl3) δ 144.3, 142.3, 139.1, 138.3, 135.2, 129.7, 127.7, 127.6, 120.6, 
119.4, 100.0, 95.3, 79.1, 76.1, 61.6, 52.9, 30.8, 29.5, 22.4, 21.8, 16.7, and 4.7. 
IR (neat) 3406, 2950, 2919, 2237, 1596, 1438, 1357, 1240, 1166, 1090, 913, and 731 cm-1.  
HRMS (ESI-TOF): Calcd for C24H2479BrNNaO3S+ [M+Na+]: 508.0552; found: 508.0537. 
6-Bromo-5-methyl-7-(pent-1-yn-1-yl)-4-(prop-1-yn-1-yl)-1-tosylindoline (12h) 
 12h was synthesized according to General Procedure A (25 mg of the starting 
tetrayne A79). Purification by MPLC (hexanes:EtOAc, 5:1) afforded indoline 12h [28 mg, 
contains 3 wt% of an HBr addition byproduct (MS analysis), 75% corrected yield] as a white 
crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.56 (nfod, J = 8.3 Hz, 2H, O2SArHortho), 7.22 (nfod, J = 8.1 Hz, 
2H, O2SArHmeta), 3.98 (t, J = 7.3 Hz, 2H, TsNCH2), 2.51 (s, 3H, ArCH3), 2.46 (t, J = 7.0 Hz, 2H, 
ºCCH2), 2.41 (s, 3H, O2SArCH3), 2.32 (t, J = 7.4 Hz, 2H, ArCH2), 2.06 (s, 3H, ºCCH3), 1.69 (tq, 
J = 7.1, 7.1 Hz, 2H, CH2CH2CH3), and 1.09 (t, J = 7.4 Hz, 3H, CH2CH2CH3). 
13C NMR (126 MHz, CDCl3) δ 144.1, 142.2, 139.1, 138.1, 135.7, 129.6, 127.8, 127.7, 120.4, 
119.7, 101.1, 95.0, 78.4, 76.2, 52.9, 29.7, 22.5, 22.3, 22.1, 21.8, 13.9, and 4.7. 
IR (neat) 2962, 2932, 2872, 2237, 1647, 1438, 1363, 1240, 1167, 1091, 815, and 711 cm-1.  
HRMS (ESI-TOF): Calcd for C24H24BrNNaO2S+ [M+Na+]: 492.0603; found: 492.0619. 










 12i was synthesized according to General Procedure A (25 mg of the starting 
tetrayne A79). Purification by MPLC (hexanes:EtOAc, 5:1) afforded indoline 12i (35 mg, 84% 
yield) as a white amorphous solid. 
1H NMR (500 MHz, CDCl3) δ 7.60 (nfod, J = 8.3 Hz, 2H, O2SArHortho), 7.22 (nfod, J = 8.1 Hz, 
2H, O2SArHmeta), 3.91 (t, J = 7.3 Hz, 2H, TsNCH2), 2.52 (s, 3H, ArCH3), 2.41 (s, 3H, O2SArCH3), 
2.34 (t, J = 7.4 Hz, 2H, ArCH2), 2.06 (s, 3H, ºCCH3), 1.05 [s, 9H, SiC(CH3)3], and 0.23 [s, 6H, 
Si(CH3)2]. 
13C NMR (126 MHz, CDCl3) δ 144.1, 142.5, 139.3, 138.2, 135.5, 129.6, 128.0, 127.9, 121.2, 
119.1, 103.9, 102.0, 95.6, 76.2, 52.7, 29.7, 26.4, 22.4, 21.8, 17.0, 4.8, and -4.5. 
IR (neat) 2954, 2928, 2856, 2228, 2156, 1644, 1365, 1248, 1168, 1091, 911, and 825 cm-1.  
HRMS (ESI-TOF): Calcd for C27H3279BrNNaO2SSi+ [M+Na+]: 564.0999; found: 564.1015. 
Ethyl 3-(6-Bromo-5-methyl-4-(prop-1-yn-1-yl)-1-tosylindolin-7-yl)propiolate (12j) 
 12j was synthesized according to General Procedure A (20 mg of the starting 
tetrayne A79). Purification by MPLC (hexanes:EtOAc, 3:1) afforded indoline 12j (17 mg, 56%) as 
a pale yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.70 (nfod, J = 8.2 Hz, 2H, O2SArHortho), 7.27 (nfod, J = 8.2 Hz, 
2H, O2SArHmeta), 4.32 (q, J = 7.2 Hz, 2H, OCH2CH3), 3.96 (t, J = 7.4 Hz, 2H, TsNCH2), 2.53 (s, 
3H, ArCH3), 2.53 (t, J = 7.5 Hz, 2H, ArCH2), 2.43 (s, 3H, O2SArCH3), 2.10 (s, 3H, ºCCH3), and 











  269 
 
13C NMR (126 MHz, CDCl3) δ 154.1, 144.5, 143.6, 139.6, 138.4, 135.4, 129.8, 128.1, 128.0, 
123.7, 115.5, 97.2, 88.3, 83.1, 76.0, 62.2, 52.7, 29.9, 22.2, 21.8, 14.3, and 4.8. 
IR (neat) 2984, 2920, 2220, 1705, 1648, 1440, 1366, 1220, 1167, 1018, 913, and 815 cm-1.  
HRMS (ESI-TOF): Calcd for C24H2279BrNNaO4S+ [M+Na+]: 522.0345; found: 522.0317. 
m.p. 126–130 °C. 
tert-Butyl 4-((tert-butyldimethylsilyl)oxy)-4-((trimethylsilyl)ethynyl)piperidine-1-
carboxylate (S4) and tert-Butyl 4-(bromoethynyl)-4-((tert-butyldimethylsilyl)oxy)piperidine-
1-carboxylate (S5) 
 
To a stirred solution of tert-butyl 4-hydroxy-4-((trimethylsilyl)ethynyl)piperidine-1-
carboxylate144 (S3, 1.1 g, 3.8 mmol) in DCM (10 mL) was added imidazole (0.52 g, 7.6 mmol) 
and TBSCl (0.86 g, 5.7 mmol). The resulting suspension was then heated to reflux for 40 hours. 
The reaction mixture was cooled, quenched by addition of water, and extracted with DCM. The 
combined organic phase was dried and concentrated. The residue was purified by flash column 
chromatography (hexanes:EtOAc, 10:1), which afforded TBS ether S4 (0.95 g, 61%, 2.3 mmol) 
as a clear oil. 
1H NMR (500 MHz, CDCl3) δ 3.56–3.50 (nfom, 2H, NCHaHb), 3.46–3.40 (nfom, 2H, NCHaHb), 
1.83–1.75 (nfom, 2H, CCHaHb), 1.71–1.63 (nfom, 2H, CCHaHb), 1.45 [s, 9H, OC(CH3)3], 0.88 [s, 
9H, SiC(CH3)3], 0.18 [s, 6H, Si(CH3)2], and 0.17 [s, 6H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3) δ 154.8, 108.9, 90.1, 79.5, 67.5, 40.2, 28.6, 26.1, 26.0, 18.3, -0.1, 
and -2.8. 
IR (neat) 2947, 2930, 2858, 2166, 1701, 1472, 1421, 1366, 1250, 1152, 1103, and 839 cm-1.  
HRMS (ESI-TOF): Calcd for C21H41NNaO3Si2+ [M+Na+]: 434.2517; found: 434.2520. 
                                                
144 Jansone-Popova, S.; May, J. A. Synthesis of Bridged Polycyclic Ring Systems via Carbene Cascades 
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To a stirred solution of TBS ether S4 (60 mg, 0.15 mmol) in acetone (1.5 mL) was added NBS 
(31 mg, 0.17 mmol) and AgNO3 (2.6 mg, 0.015 mmol). The resulting suspension was stirred at 
room temperature for 2 hours. The reaction mixture was directly concentrated, and the residue 
was subjected to flash column chromatography (hexanes:EtOAc, 10:1), which afforded 
bromoalkyne S5 (60 mg, 98%, 0.14 mmol) as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 3.55–3.41 (m, 4H, NCH2), 1.85–1.76 (nfom, 2H, CCHaHb), 1.74–
1.65 (nfom, 2H, CCHaHb), 1.45 [s, 9H, OC(CH3)3], 0.88 [s, 9H, SiC(CH3)3], and 0.18 [s, 6H, 
Si(CH3)2]. 
13C NMR (126 MHz, CDCl3) δ 154.8, 83.1, 79.7, 68.4, 45.9, 40.2, 40.0, 28.6, 25.9, 18.3, and -2.9. 
IR (neat) 2956, 2930, 2858, 2199, 1698, 1472, 1422, 1366, 1245, 1153, 1106, and 869 cm-1.  
HRMS (ESI-TOF): Calcd for C18H3279BrNNaO3Si+ [M+Na+]: 440.1227; found: 440.1235. 
m.p. 38–40 °C. 
tert-Butyl 4-((6-Bromo-5-methyl-4-(prop-1-yn-1-yl)-1-tosylindolin-7-yl)ethynyl)-4-((tert-
butyldimethylsilyl)oxy)piperidine-1-carboxylate (12k) 
 12k was synthesized according to General Procedure A (20 mg of the starting 
tetrayne A). Purification by MPLC (hexanes:EtOAc, 4:1) afforded indoline 12k (29 mg, 63%) as 
a pale yellow amorphous solid. 
1H NMR (500 MHz, CDCl3) δ 7.48 (nfod, J = 8.2 Hz, 2H, O2SArHortho), 7.21 (nfod, J = 8.2 Hz, 
2H, O2SArHmeta), 3.91 (t, J = 7.4 Hz, 2H, TsNCH2), 3.66–3.56 (m, 4H, NCH2), 2.53 (s, 3H, 
ArCH3), 2.41 (s, 3H, O2SArCH3), 2.19 (t, J = 7.5 Hz, 2H, ArCH2), 2.12–2.06 (m, 2H, CCHaHb), 
2.05 (s, 3H, ºCCH3), 1.86–1.78 (m, 2H, CCHaHb), 1.45 [s, 9H, OC(CH3)3], 0.89 [s, 9H, 
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13C NMR (126 MHz, CDCl3) δ 154.9, 144.3, 142.7, 139.4, 138.4, 134.9, 129.7, 127.9, 127.8, 
121.3, 118.8, 100.9, 95.6, 83.0, 79.3, 76.1, 68.4, 52.7, 40.0, 29.4, 28.6, 26.0, 22.4, 21.8, 18.4, 4.8, 
and -2.7. 
IR (neat) 2956, 2928, 2856, 2233, 1719, 1691, 1424, 1365, 1245, 1168, 1091, 861, and 838 cm-1.  





Following General Procedure A, tetrayne D79 (24 mg, 0.097 
mmol), 1-bromophenylacetylene (5a, 26 mg, 0.15 mmol), CuBr (1.4 mg, 0.010 mmol), and 
acetonitrile (2.0 mL) were used to prepare isoindolines 13 and 13’. Purification by flash 
chromatography (DCM:EtOAc, 19:1) afforded 13 and 13’ as a coeluting mixture in a 5:1 ratio 
based (NMR spectrum integration; 34 mg, 82%) as a white solid. The structure assignment for the 
two regioisomers was based on 1H chemical shift comparison with 26 and 26’. 
1H NMR (500 MHz, CDCl3) δ 7.65–7.50 (nfom, 2H, PhHortho), 7.47–7.29 (nfom, 3H, PhHmeta), 
4.82 (br s, 1.7H, NCH2-major), 4.76 (br s, 0.3H, NCH2-minor), 4.71 (br s, 1.6H, NCH2-major), 
4.69 (br s, 0.4H, NCH2-minor), 2.91 (s, 3H, NSO2CH3), 2.64 (s, 0.5H, Ar-CH3-minor), 2.56 (s, 
2.4H, Ar-CH3-major), 2.15 (s, 2.4H, ºCCH3-major), and 2.12 (s, 0.5H, ºCCH3-minor). 
13C NMR (126 MHz, CDCl3) δ 140.0, 137.7, 136.9, 131.9, 131.8, 129.3, 128.6, 126.9, 122.4, 
119.9, 99.3, 97.2, 85.7, 75.6, 54.9 (x2), 35.2, 22.0, and 4.8. 
IR (neat) 2931, 2918, 2852, 2232, 2214, 1637, 1493, 1443, 1338, 1154, 966, and 758 cm-1.  
HRMS (ESI-TOF): Calcd for C21H1879BrNNaO2S+ [M+Na+]: 450.0134; found: 450.0127. 
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2-Bromo-3-methyl-1-(phenylethynyl)-9-tosyl-4-(trimethylsilyl)-9H-carbazole (14)  
 14 was synthesized according to General Procedure A (32 mg of the 
starting triyne E145). Purification by MPLC (hexanes:EtOAc:DCM, 15:1:1.5) afforded carbazole 
14 (32 mg, 68%) as a pale yellow amorphous solid. 
1H NMR (500 MHz, CDCl3) δ 8.13 (d, J = 8.1 Hz, 1H, H8 or H5), 7.74–7.68 (m, 2H, PhHortho), 
7.60 (d, J = 8.0 Hz, 1H, H5 or H8), 7.40–7.34 (m, 3H, PhHmeta and PhHpara), 7.26–7.20 (m, 2H, 
H6 and H7), 7.11 (nfod, J = 7.9 Hz, 2H, O2SArHortho), 6.86 (nfod, J = 8.0 Hz, 2H, O2SArHmeta), 
2.67 (s, 3H, ArCH3), 2.20 (s, 3H, O2SArCH3), and 0.31 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3) δ 144.3, 141.6, 139.1, 135.9, 134.7, 132.0, 129.4, 129.2, 128.9, 
128.7, 128.3, 127.8, 127.4, 126.9, 125.2, 123.6, 120.7, 119.7, 118.8, 116.8, 99.7, 87.8, 24.8, 21.6, 
and 2.1. 
IR (neat) 3061, 2979, 2922, 2215, 1597, 1451, 1374, 1239, 1176, 1090, and 755 cm-1.  
HRMS (ESI-TOF): Calcd for C31H2879BrNNaO2SSi+ [M+Na+]: 608.0686; found: 608.0663. 
5-Bromo-6-methyl-4-(phenylethynyl)-7-(prop-1-yn-1-yl)-1,3-dihydroisobenzofuran (15)  
 15 was synthesized according to General Procedure A (25 mg of the starting 
tetrayne B79). Purification by MPLC (hexanes:EtOAc, 10:1) afforded the alkynylbenzene 15 (24 
mg, 46%) as a white crystalline solid.  
                                                
145 Wang, T.; Hoye, T. R. Hexadehydro-Diels−Alder (HDDA)-Enabled Carbazolyne Chemistry: Single 
Step, De Novo Construction of the Pyranocarbazole Core of Alkaloids of the Murraya Koenigii (Curry 
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1H NMR (500 MHz, CDCl3) δ 7.57–7.53 (m, 2H, PhHortho), 7.37–7.34 (m, 3H, PhHmeta+para), 
5.24–5.21 (tq, J = 0.8, 2.2 Hz, 2H, H3), 5.12 (br t, J = 2.2 Hz, 2H, H1), 2.56 (t, J = 0.8 Hz, 3H, 
ArCH3), and 2.13 (s, 3H, ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 140.7, 140.2, 139.2, 131.8, 129.0 (x2), 128.6, 126.2, 122.8, 118.4, 
98.2, 95.9, 86.3, 76.0, 74.9 (x2), 21.8, and 4.8. 
IR (neat) 2901, 2848, 2233, 1645, 1491, 1441, 1383, 1360, 1243, 1054, 899, and 760 cm-1.  
HRMS (ESI-TOF): Calcd for C20H1579BrNaO+ [M+Na+]: 373.0198; found: 373.0203. 
m.p. 150–154 °C. 
Dimethyl 4-Bromo-6-(4-(methoxycarbonyl)phenyl)-7-((4-
(methoxycarbonyl)phenyl)ethynyl)-5-(phenylethynyl)-1,3-dihydro-2H-indene-2,2-
dicarboxylate (16) and Dimethyl 5-Bromo-6-(4-(methoxycarbonyl)phenyl)-7-((4-
(methoxycarbonyl)phenyl)ethynyl)-4-(phenylethynyl)-1,3-dihydro-2H-indene-2,2-
dicarboxylate (16’) 
 16 and 16’ were synthesized according to 
General Procedure A (79 mg of the starting tetrayne C’46). Purification by MPLC 
(hexanes:EtOAc:DCM, 4:1:1) afforded alkynylbenzene derivatives 16 and 16’ as a 13:1 coeluting 
mixture (90 mg, overall 85%) and pale yellow crystalline solid. The structure assignment for the 
two regioisomers was based on 1H chemical shifts comparison (for H1 and H3) vs. those in 29 
and 29’. 
Data for 16 
1H NMR (500 MHz, CDCl3) δ 8.17 (d, J = 8.2 Hz, 2H, MeO2C-ArHortho), 7.93 (d, J = 8.3 Hz, 2H, 
MeO2C-Ar’Hortho), 7.64 (d, J = 8.4 Hz, 2H, MeO2C-ArHmeta), 7.29–7.25 (m, 3H, PhHmeta+para), 
7.24 (d, J = 8.1 Hz, 2H, MeO2C-Ar’Hmeta), 7.22–7.19 (nfom, 2H, PhHortho), 3.98 (s, 3H, CO2CH3), 

















  274 
 
13C NMR (126 MHz, CDCl3) δ 171.6, 167.2, 166.5, 146.0, 143.7, 143.5, 141.0, 131.5, 131.4, 
130.6, 130.0, 129.7, 129.6, 129.0, 128.8, 128.4, 127.3, 124.2, 123.6, 122.7, 117.9, 98.1, 96.8, 88.4, 
87.3, 58.5, 53.5, 52.40, 52.38, 43.3, and 42.2. 
IR (neat, of the mixture) 3002, 2952, 2843, 2211, 1724, 1605, 1435, 1277, 1242, 1198, 1107, 858, 
and 769 cm-1.  
HRMS (ESI-TOF, of the mixture): Calcd for C39H29BrNaO8+ [M+Na+]: 727.0938; found: 
727.0907. 
m.p. 143–150 °C. 
1H NMR Data for 16’ (the minor resonances in the spectrum of the mixture) 
1H NMR (500 MHz, CDCl3) δ 8.12 (d, J = 8.2 Hz, 2H, MeO2C-ArHortho), 7.97 (d, J = 8.4 Hz, 2H, 
MeO2C-Ar’Hortho), 7.68 (d, J = 8.3 Hz, 2H, MeO2C-ArHmeta), 7.41–7.37 (m, 4H, MeO2C-Ar’Hmeta 
and PhHortho+para), 7.16–7.12 (nfom, 2H, PhHmeta), 3.96 (s, 3H, CO2CH3), 3.92 (s, 3H, CO2CH3), 
3.89 (s, 2H, H1), 3.82 (s, 6H, malonyl-OCH3), 3.80 (s, 2H, H3). 
3-Bromo-1-(tert-butyl)-2-propyl-4-((4-(trifluoromethyl)phenyl)ethynyl)-9H-fluoren-9-one 
(17) 
 Aryl bromide 17 was prepared according to General Procedure A (20 mg 
of the starting triyne F91 and 1-bromo-2-(4-trifluoromethylphenyl)ethyne. Purification by MPLC 
(hexanes:EtOAc, 30:1) afforded fluorenone 17 (19 mg, 50%) as a yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 8.35 (d, J = 7.6 Hz, 1H, H5), 7.76 (d, J = 8.2 Hz, 2H, CF3-ArH), 
7.70 (d, J = 8.3 Hz, 2H, CF3-ArH), 7.63 (d, J = 7.2 Hz, 1H, H8), 7.49 (ddd, J = 7.6, 7.6, 0.8 Hz, 
1H, H6), 7.32 (dd, J = 7.4, 7.4 Hz, 1H, H7), 3.13 (br t, J = 7.2 Hz, 2H, ArCH2), 1.71–1.58 [m, 
11H, CH2CH2CH3 and C(CH3)3], and 1.01 (t, J = 7.2 Hz, 3H, CH2CH3). 
13C NMR (126 MHz, CDCl3) δ 193.7, 156.3, 144.7, 144.2, 142.1, 136.7, 134.8, 134.4, 134.2, 
131.9, 130.8 (q, J = 33 Hz), 129.6, 126.7 (q, J = 1.4 Hz), 125.7 (q, J = 3.9 Hz), 124.2, 124.6 (q, J 







  275 
 
IR (neat) 2962, 2933, 2873, 2207, 1706, 1645, 1404, 1321, 1167, 1126, 1067, and 847 cm-1.  
HRMS (ESI-TOF): Calcd for C29H24BrF3NaO+ [M+Na+]: 547.0855; found: 547.0844. 
m.p. 163–166 °C.  
5-Methyl-7-(phenylethynyl)-4-(prop-1-yn-1-yl)-1-tosylindoline (20) 
 
To a solution of bromo-indoline 12a (15 mg, 0.030 mmol) in anhydrous THF (1.0 mL) was 
slowly added nBuLi (2.5 M in hexane, 40 uL) at -78 °C (dry ice/acetone bath). The resulting light 
purple solution was kept stirring for 2 hours at -78 °C, and the reaction was quenched by addition 
of water. The mixture was extracted with DCM, and the combined organic phase was dried and 
concentrated. The residue was directly subjected to MPLC (hexanes:EtOAc, 4:1) to afford 
indoline 20 (6.0 mg, 0.014 mmol, 47%) as a clear oil. 
1H NMR (500 MHz, CDCl3) δ 7.60–7.55 (m, 4H, O2SArHortho and PhHortho), 7.34–7.30 (m, 3H, 
PhHmeta+para), 7.28 (s, 1H, ArindolineH), 7.17 (nfod, J = 8.2 Hz, 2H, O2SArHmeta), 4.04 (t, J = 7.6 Hz, 
2H, TsNCH2), 2.42 (t, J = 7.6 Hz, 2H, ArCH2), 2.38 (s, 3H, ArCH3), 2.36 (s, 3H, O2SArCH3), and 
2.06 (s, 3H, ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 144.0, 140.8, 140.2, 137.8, 135.6, 133.0, 132.0, 129.6, 128.4, 
128.3, 127.7, 123.7, 120.9, 115.5, 95.1, 94.2, 87.7, 76.1, 52.8, 29.4, 21.7, 20.1, and 4.8. 
IR (neat) 2960, 2917, 2852, 2233, 1637, 1493, 1442, 1359, 1242, 1166, 1090, and 757 cm-1.  
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To a solution of the bromocarbazole 14 (15 mg, 0.026 mmol) in anhydrous THF (0.5 mL) was 
slowly added nBuLi (2.5 M in hexane, 50 uL) at -78 °C (dry ice/acetone bath). The resulting 
orange solution was kept stirring for 2 hours at -78 °C, and the reaction was quenched by addition 
of water (0.5 mL). This mixture was then heated at 60 °C for 16 hours followed by addition of 1N 
HCl solution (5 mL), which was subsequently extracted with DCM. The combined organic phase 
was dried and concentrated. The residue was directly subjected to MPLC (hexanes:EtOAc, 15:1) 
to afford the carbazole 21 (5.1 mg, 0.018 mmol, 70%) as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 8.34 (br s, 1H, NH), 8.04 (d, J = 7.7 Hz, 1H, H5), 7.86 (dq, J = 0.7, 
0.7 Hz, 1H, H4), 7.64–7.61 (nfom, 2H, PhHortho), 7.48 (d, J = 8.0 Hz, 1H, H8), 7.44 (q, J = 0.7 Hz, 
1H, H2), 7.43 (ddd, J = 8.0, 7.0, 1.2 Hz, 1H, H7), 7.42–7.37 (m, 3H, PhHmeta+para), 7.24 (ddd, J = 
8.0, 7.1, 1.1 Hz, 1H, H6), and 2.53 (s, 3H, ArCH3). 
13C NMR (126 MHz, CDCl3) δ 139.6, 138.8, 131.8, 129.9, 129.0, 128.62, 128.59, 126.2, 123.5, 
123.4, 123.3, 121.3, 120.6, 119.8, 111.0, 105.3, 93.7, 85.7, and 21.4. 
IR (neat) 3440, 3057, 2919, 2857, 2204, 1635, 1490, 1451, 1316, 1265, 1234, and 748 cm-1.  
HRMS (ESI-TOF): Calcd for C21H15NNa+ [M+Na+]: 304.1097; found: 304.1108. 
m.p. 115–118 °C.  
4-Methyl-2-phenyl-10H-thieno[3,2-a]carbazole (22) 
 
To a solution of the bromocarbazole 14 (25 mg, 0.043 mmol) in N-methylpyrrolidinone (0.5 mL) 
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heated for 16 hours at 90 °C, and the reaction progress had stalled, as indicated by direct mass 
spectrometry analysis of an aliquot. Therefore, additional Na2S•9H2O (103 mg, 0.43 mmol) was 
added and the mixture was heated at 130 °C for 2 hours. The reaction mixture was quenched by 
addition of water and extracted with DCM. The combined organic phase was dried and 
concentrated. The residue was directly filtered through a short silica plug (hexanes:EtOAc, 4:1), 
and the filtrate was concentrated to afford carbazole 22 (11 mg, 0.035 mmol, 83%) as a pale 
yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 8.42 (br s, 1H, NH), 8.08 (d, J = 7.8 Hz, 1H, H6), 7.85 (s, 1H, H1), 
7.83 (br s, 1H, H5), 7.80 (d, J = 7.8 Hz, 2H, PhHortho), 7.52 (d, J = 8.0 Hz, 1H, H9), 7.47 (dd, J = 
7.7, 7.7 Hz, 2H, PhHmeta), 7.42 (dd, J = 7.6, 7.6 Hz, 1H, H8), 7.36 (tt, J = 7.5, 7.5 Hz, 1H, 
PhHpara), 7.28 (dd, J = 7.5, 7.5 Hz, 1H, H7), and 2.71 (s, 3H, ArCH3). 
13C NMR (126 MHz, CDCl3) δ 138.7, 134.7, 129.20, 129.18, 128.3, 128.2, 126.53 (x2), 125.1, 
125.0, 124.1, 123.3, 120.1, 120.0, 119.9, 117.2, 115.6, 111.0, and 20.5. 
IR (neat) 3424, 2958, 2922, 2852, 1647, 1487, 1455, 1356, 1327, 1247, 1126, and 745 cm-1.  
HRMS (ESI-TOF): Calcd for C21H15NNaS+ [M+Na+]: 336.0817; found: 336.0803. 
m.p. 215–219 °C.  
5-Methyl-6,7-bis(phenylethynyl)-4-(prop-1-yn-1-yl)-1,3-dihydroisobenzofuran (23) 
 
To an oven-dried vial was added the aryl bromide 15 (8.5 mg, 0.024 mmol), Pd(PPh3)2Cl2 (1.0 
mg, 1.4 umol), and CuI (0.5 mg, 2.6 umol). The vial was transferred into a glove box, and a 
solution of phenylacetylene (4.9 mg, 0.048 mmol) in iPr2NH/toluene (0.1 mL + 0.3 mL) was 
added. The vial was sealed with a Teflon-lined screw cap before being removed from the glove 
box, and it was placed into an oil bath at 90 °C. After 24 hours, the reaction mixture was diluted 
with EtOAc, and the suspension was filtered through Celite. The filtrate was concentrated and 
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derivative 23 [6.2 mg, 0.017 mmol, contaminated with 11% an unidentified impurity, 62% 
corrected yield if the impurity has an amu the same as that of 23 (372)] as a white crystalline 
solid. 
1H NMR (500 MHz, CDCl3) δ 7.60–7.56 (m, 2H, PhHortho), 7.55–7.51 (m, 2H, Ph’Hortho), 7.38–
7.32 (m, 6H, PhHmeta+para and Ph’Hmeta+para), 5.26–5.24 (nfom, 2H, H1), 5.20–5.17 (nfom, 2H, H3), 
2.63 (s, 3H, ArCH3), and 2.14 (s, 3H, ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 141.8, 141.5, 138.8, 131.8, 131.7, 128.8, 128.58, 128.57, 128.55, 
124.8, 123.6, 123.2, 118.2, 117.7, 97.7, 95.5, 87.2, 86.2, 75.9, 75.0, 74.7, 73.0, 19.3, and 4.9. The 
sample contains an unknown impurity, whose discernible 13C resonances were identified by 
HMBC interactions. 
IR (neat) 2914, 2850, 2228, 1645, 1492, 1442, 1366, 1258, 1237, 1058, 898, and 754 cm-1.  
HRMS (ESI-TOF): Calcd for C28H20NaO+ [M+Na+]: 395.1406; found: 395.1400. 
m.p. 113–117 °C. 
5-Methyl-6-phenyl-7-(phenylethynyl)-4-(prop-1-yn-1-yl)-1,3-dihydroisobenzofuran (24) 
 
To an oven-dried vial was added the aryl bromide 15 (15 mg, 0.043 mmol), phenylboronic acid 
(8.0 mg, 0.064 mmol), potassium carbonate (12 mg, 0.086 mmol), and dioxane:H2O (0.2 mL + 
0.1 mL). The headspace of the vial was purged with a gentle flow of N2 for 5 min, and 
Pd(dppf)2Cl2 (1.5 mg) was added under a N2 atmosphere. The headspace was purged with N2 for 
an additional 5 min, and the vial was sealed with a Teflon-lined screw cap and placed into an oil 
bath heated at 100 °C. The progress of the reaction was monitored by direct mass spectrometry of 
aliquots of the crude reaction mixture. After 4 hours, the reaction was diluted with EtOAc, and 
the suspension was passed through a pad of silica gel. The filtrate was concentrated and directly 
subjected to MPLC (hexanes:EtOAc, 7:1) for purification to afford biphenyl derivative 24 (12 mg, 
















100 oC, 4 h
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1H NMR (500 MHz, CDCl3) δ 7.46 (nfodd, J = 7.2, 7.2 Hz, 2H, Ar–PhHmeta), 7.40 (tt, J = 7.2, 2.0 
Hz, 1H, Ar–PhHpara), 7.29 (nfod, J = 7.6 Hz, 2H, ºCPhHortho), 7.24–7.19 (m, 3H, ºCPhHmeta+para), 
7.08 (nfodd, J = 7.2, 2.0 Hz, 2H, Ar–PhHortho), 5.28 (br t, J = 2 Hz, 2H, OCH2), 5.23 (br t, J = 2.2 
Hz, 2H, OCH2), 2.22 (s, 3H, ArCH3), and 2.14 (s, 3H, CCH3). 
13C NMR (126 MHz, CDCl3) δ 143.6, 140.7, 140.1, 138.6, 137.4, 131.5, 129.9, 128.4, 128.3, 
128.2, 127.3, 123.1, 117.9, 115.8, 97.0, 95.2, 86.8, 76.4, 75.1, 74.9, 18.9, and 4.9. 
IR (neat) 3056, 2914, 2850, 2228, 1597, 1571, 1492, 1442, 1364, 1332, 1058, 900, and 754 cm-1.  
HRMS (ESI-TOF): Calcd for C26H20NaO+ [M+Na+]: 371.1406; found: 371.1402. 
m.p. 181–184 °C.  
5-Methyl-6-(phenylethynyl)-4-(prop-1-yn-1-yl)-1-tosylindoline (25a) 
 The alkyne 25a was synthesized according to General Procedure B (20 
mg of the starting tetrayne A and phenylacetylene). Purification by MPLC (hexanes:EtOAc, 4:1) 
afforded indoline 25a (21 mg, 78%) as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.73 (s, 1H, ArindolineH), 7.69 (nfod, J = 8.3 Hz, 2H, O2SArHortho), 
7.58–7.54 (nfom, 2H, PhHortho), 7.39–7.32 (m, 3H, PhHmeta+para), 7.24 (nfod, J = 8.2 Hz, 2H, 
O2SArHmeta), 3.88 (t, J = 8.5 Hz, 2H, TsNCH2), 2.92 (t, J = 8.5 Hz, 2H, ArCH2), 2.52 (s, 3H, 
ArCH3), 2.37 (s, 3H, O2SArCH3), and 2.07 (s, 3H, ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 144.3, 139.5, 137.7, 135.1, 133.8, 131.7, 129.9, 128.5, 128.4, 
127.4, 123.4, 122.7, 121.5, 117.0, 94.2, 93.3, 88.6, 75.8, 49.8, 28.4, 21.7, 18.7, and 4.6. 
IR (neat) 2949, 2920, 2844, 2211, 1597, 1492, 1442, 1355, 1244, 1115, 1091, and 909 cm-1.  
HRMS (ESI-TOF): Calcd for C27H23NNaO2S+ [M+Na+]: 448.1342; found: 448.1358. 
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 25b was synthesized according to General Procedure B (20 mg of the 
starting tetrayne A). Purification by MPLC (hexanes:EtOAc, 5:1) afforded indoline 25b (19 mg, 
70%) as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.72 (s, 1H, ArindolineH), 7.68 (nfod, J = 8.2 Hz, 2H, O2SArHortho), 
7.50 (nfodd, J = 8.8, 5.4 Hz, 2H, FArHmeta), 7.24 (nfod, J = 8.2 Hz, 2H, O2SArHmeta), 7.07 (nfodd, 
J = 8.8, 8.8 Hz, 2H, FArHortho), 3.89 (t, J = 8.5 Hz, 2H, TsNCH2), 2.92 (t, J = 8.5 Hz, 2H, ArCH2), 
2.50 (s, 3H, ArCH3), 2.38 (s, 3H, O2SArCH3), and 2.07 (s, 3H, ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 162.7 (d, J = 250 Hz), 144.3, 139.6, 137.6, 135.2, 133.8, 133.6 (d, 
J = 8.5 Hz), 129.9, 127.5, 122.5, 121.5, 119.5 (d, J = 3.5 Hz), 117.0, 115.8 (d, J = 22 Hz), 94.3, 
92.2, 88.3, 75.8, 49.8, 28.4, 21.7, 18.7, and 4.7. 
IR (neat) 2983, 2949, 2916, 2211, 1584, 1507, 1356, 1229, 1163, 1116, and 835 cm-1.  
HRMS (ESI-TOF): Calcd for C27H22FNNaO2S+ [M+Na+]: 466.1247; found: 466.1231. 
m.p. 201–203 °C. 
6-((4-Methoxyphenyl)ethynyl)-5-methyl-4-(prop-1-yn-1-yl)-1-tosylindoline (25c) 
 25c was synthesized according to General Procedure B (20 mg of the 
starting tetrayne A). Purification by MPLC (hexanes:EtOAc, 4:1) afforded indoline 25c (17 mg, 
60%)  as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.71 (s, 1H, ArindolineH), 7.69 (nfod, J = 8.2 Hz, 2H, O2SArHortho), 
7.50 (nfod, J = 8.8 Hz, 2H, MeOArHmeta), 7.24 (nfod, J = 8.2 Hz, 2H, O2SArHmeta), 6.90 (nfod, J 
= 8.8 Hz, 2H, MeOArHortho), 3.88 (t, J = 8.5 Hz, 2H, TsNCH2), 3.84 (s, 3H, OCH3), 2.91 (t, J = 
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13C NMR (126 MHz, CDCl3) δ 159.8, 144.3, 139.5, 137.4, 134.7, 133.8, 133.2, 129.9, 127.5, 
123.0, 121.4, 117.0, 115.6, 114.2, 94.1, 93.3, 87.4, 75.9, 55.5, 49.8, 28.4, 21.7, 18.7, and 4.6. 
IR (neat) 2960, 2920, 2843, 2211, 1605, 1588, 1455, 1355, 1249, 1165, 1033, and 834 cm-1.  
HRMS (ESI-TOF): Calcd for C28H25NNaO3S+ [M+Na+]: 478.1447; found: 478.1458. 
m.p. 147–148 °C. 
5-Methyl-4-(prop-1-yn-1-yl)-1-tosyl-6-((4-(trifluoromethyl)phenyl)ethynyl)indoline (25d) 
 25d was synthesized according to General Procedure B (26 mg of the 
starting tetrayne A). Purification by MPLC (hexanes:EtOAc:DCM, 7:1:1) afforded indoline 25d 
(23 mg, 59%) as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.74 (s, 1H, ArindolineH), 7.69 (nfod, J = 8.3 Hz, 2H, O2SArHortho), 
7.66 (nfod, J = 8.3 Hz, 2H, CF3ArH), 7.63 (nfod, J = 8.4 Hz, 2H, CF3ArH’), 7.25 (nfod, J = 8.2 
Hz, 2H, O2SArHmeta), 3.89 (t, J = 8.5 Hz, 2H, TsNCH2), 2.94 (t, J = 8.5 Hz, 2H, ArCH2), 2.52 (s, 
3H, ArCH3), 2.38 (s, 3H, O2SArCH3), and 2.08 (s, 3H, ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 144.4, 139.6, 137.9, 135.7, 133.8, 131.9, 130.1 (q, J = 33 Hz), 
129.9, 127.4, 127.3 (q, J = 1.6 Hz), 125.5 (q, J = 3.7 Hz), 124.1 (q, J = 272 Hz), 122.0, 121.7, 
117.1, 94.5, 91.8, 91.0, 75.7, 49.8, 28.5, 21.7, 18.7, and 4.7. 
IR (neat) 2955, 2918, 2852, 2239, 2211, 1612, 1356, 1165, 1123, 1062, and 842 cm-1.  
HRMS (ESI-TOF): Calcd for C28H22F3NNaO2S+ [M+Na+]: 516.1216; found: 516.1213. 
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 25e was synthesized according to General Procedure B (20 mg of the 
starting tetrayne A). Purification by MPLC (hexanes:EtOAc, 5:1) afforded indoline 25e (29 mg, 
79%) as a yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.71 (s, 1H, ArindolineH), 7.68 (nfod, J = 8.3 Hz, 2H, O2SArHortho), 
7.41 (nfod, J = 8.7 Hz, 2H, Ph2NArHmeta), 7.28 (nfodd, J = 8.4, 7.4 Hz, 4H, NPhHmeta), 7.23 (nfod, 
J = 8.2 Hz, 2H, O2SArHmeta), 7.12 (nfodd, J = 8.4, 1.1 Hz, 4H, NPhHortho), 7.06 (tt, J = 7.4, 0.9 Hz, 
2H, NPhHpara), 7.03 (nfod, J = 8.6 Hz, 2H, Ph2NArHortho), 3.88 (t, J = 8.5 Hz, 2H, TsNCH2), 2.91 
(t, J = 8.5 Hz, 2H, ArCH2), 2.50 (s, 3H, ArCH3), 2.37 (s, 3H, O2SArCH3), and 2.07 (s, 3H, 
ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 148.1, 147.3, 144.3, 139.5, 137.5, 134.7, 133.8, 132.6, 129.9, 
129.5, 127.5, 125.1, 123.7, 123.0, 122.5, 121.4, 117.0, 116.3, 94.1, 93.6, 87.9, 75.9, 49.9, 28.4, 
21.7, 18.7, and 4.7. 
IR (neat) 3030, 2949, 2920, 2200, 1587, 1506, 1492, 1356, 1282, 1165, 1069, and 909 cm-1.  
HRMS (ESI-TOF): Calcd for C39H32N2NaO2S+ [M+Na+]: 615.2077; found: 615.2099. 
m.p. 216–220 °C. 
Methyl 4-((5-Methyl-4-(prop-1-yn-1-yl)-1-tosylindolin-6-yl)ethynyl)benzoate (25f) 
 25f was synthesized according to General Procedure B (20 mg of 
the starting tetrayne A). Purification by MPLC (hexanes:EtOAc, 4:1) afforded indoline 25f (15 
mg, 51%) as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 8.04 (nfod, J = 8.5 Hz, 2H, MeO2CArHortho), 7.74 (s, 1H, 
ArindolineH), 7.69 (nfod, J = 8.3 Hz, 2H, O2SArHortho), 7.62 (nfod, J = 8.5 Hz, 2H, MeO2CArHmeta), 
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2.93 (t, J = 8.5 Hz, 2H, ArCH2), 2.52 (s, 3H, ArCH3), 2.38 (s, 3H, O2SArCH3), and 2.07 (s, 3H, 
ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 166.7, 144.4, 139.6, 137.9, 135.7, 133.8, 131.6, 129.9, 129.7, 
129.6, 128.2, 127.5, 122.1, 121.6, 117.1, 94.5, 92.5, 91.6, 75.7, 52.4, 49.8, 28.5, 21.7, 18.7, and 
4.7. 
IR (neat) 2949, 2922, 2844, 2210, 1721, 1604, 1435, 1357, 1276, 1056, 1017, and 768 cm-1.  
HRMS (ESI-TOF): Calcd for C29H25NNaO4S+ [M+Na+]: 506.1397; found: 506.1395. 
m.p. 76–78 °C. 
6-((2-Methoxyphenyl)ethynyl)-5-methyl-4-(prop-1-yn-1-yl)-1-tosylindoline (25g) 
 25g was synthesized according to General Procedure B (20 mg of the 
starting tetrayne A). Purification by MPLC (hexanes:EtOAc, 4:1) afforded indoline 25g (15 mg, 
53%) as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.76 (s, 1H, ArindolineH), 7.68 (nfod, J = 8.3 Hz, 2H, O2SArHortho), 
7.53 (dd, J = 7.6, 1.7 Hz, 1H, H5’), 7.32 (ddd, J = 8.4, 7.5, 1.7 Hz, 1H, H3’), 7.23 (nfod, J = 8.2 
Hz, 2H, O2SArHmeta), 6.96 (ddd, J = 7.5, 7.5, 1.0 Hz, 1H, H4’), 6.92 (br dd, J = 8.4, 1.0 Hz, 1H, 
H2’), 3.93 (s, 3H, OCH3), 3.88 (t, J = 8.5 Hz, 2H, TsNCH2), 2.91 (t, J = 8.5 Hz, 2H, ArCH2), 2.55 
(s, 3H, ArCH3), 2.37 (s, 3H, O2SArCH3), and 2.07 (s, 3H, ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 160.1, 144.3, 139.4, 138.0, 134.9, 133.8, 133.5, 129.91, 129.86, 
127.5, 123.1, 121.4, 120.6, 117.1, 112.7, 110.8, 94.0, 92.8, 89.7, 76.0, 55.9, 49.9, 28.4, 21.7, 18.6, 
and 4.7. 
IR (neat) 2949, 2916, 2846, 2214, 1595, 1494, 1355, 1251, 1164, 1112, 1033, and 909 cm-1.  
HRMS (ESI-TOF): Calcd for C28H25NNaO3S+ [M+Na+]: 478.1447; found: 478.1422. 














 25h was synthesized according to General Procedure B (20 mg of the 
starting tetrayne A). Purification by MPLC (hexanes:EtOAc, 2:1) afforded indoline 25h (18 mg, 
57%) as a pale yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.82 (nfod, J = 8.1 Hz, 2H, NHO2SArHortho), 7.62 (nfod, J = 8.0 
Hz, 2H, O2SArHortho), 7.37 (s, 1H, ArindolineH), 7.30 (nfod, J = 7.9 Hz, 2H, NHO2SArHmeta), 7.23 
(nfod, J = 8.1 Hz, 2H, O2SArHmeta), 4.84–4.70 (br m, 1H, NHTs), 4.13 (d, J = 6.0 Hz, 2H, 
TsNHCH2), 3.85 (t, J = 8.4 Hz, 2H, TsNCH2), 2.87 (t, J = 8.5 Hz, 2H, ArCH2), 2.76 (t, J = 6.2 Hz, 
2H, ºCCH2), 2.42 (s, 3H, ArCH3), 2.37 (s, 3H, O2SArCH3), 2.35 (s, 3H, ArCH3), 2.23 (s, 3H, 
ArCH3), and 2.05 (s, 3H, ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 144.4, 144.1, 139.4, 137.7, 136.8, 135.4, 133.7, 129.93, 129.87, 
127.5, 127.4, 121.5, 121.4, 117.2, 94.4, 87.0, 83.8, 75.6, 49.8, 34.0, 28.4, 21.7, 21.6, 18.4, and 4.6. 
IR (neat) 3286, 2954, 2922, 2238, 1596, 1423, 1350, 1161, 1093, 1058, 911, and 814 cm-1.  
HRMS (ESI-TOF): Calcd for C29H28N2NaO4S2+ [M+Na+]: 555.1383; found: 555.1404. 
m.p. 146–148 °C. 
5-(5-Methyl-4-(prop-1-yn-1-yl)-1-tosylindolin-6-yl)pent-4-ynenitrile (25i) 
 25i was synthesized according to General Procedure B (20 mg of the 
starting tetrayne A). Purification by MPLC (hexanes:EtOAc, 2:1) afforded indoline 25i (16 mg, 
64%) as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.66 (nfod, J = 8.3 Hz, 2H, O2SArHortho), 7.60 (s, 1H, ArindolineH), 
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2H, ArCH2), 2.85 (t, J = 7.3 Hz, 2H, CH2CN), 2.70 (t, J = 7.1 Hz, 2H, ºCCH2), 2.43 (s, 3H, 
ArCH3), 2.38 (s, 3H, O2SArCH3), and 2.06 (s, 3H, ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 144.3, 139.4, 137.8, 135.1, 133.8, 129.9, 127.4, 122.1, 121.5, 
118.4, 117.3, 94.3, 88.9, 82.3, 75.8, 49.8, 28.4, 21.7, 18.6, 17.9, 17.1, and 4.6. 
IR (neat) 2954, 2922, 2843, 2243, 1558, 1493, 1455, 1353, 1245, 1164, 1016, and 1033 cm-1.  
HRMS (ESI-TOF): Calcd for C24H22N2NaO2S+ [M+Na+]: 425.1294; found: 425.1283. 
m.p. 154–158 °C. 
6-((tert-Butyldimethylsilyl)ethynyl)-5-methyl-4-(prop-1-yn-1-yl)-1-tosylindoline (25j) 
 25j was synthesized according to General Procedure B (20 mg of the 
starting tetrayne A). Purification by MPLC (hexanes:EtOAc, 10:1) afforded indoline 25j (18 mg, 
61%) as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.66 (nfod, J = 7.8 Hz, 2H, O2SArHortho), 7.65 (s, 1H, ArindolineH), 
7.24 (nfod, J = 7.9 Hz, 2H, O2SArHmeta), 3.86 (t, J = 8.5 Hz, 2H, TsNCH2), 2.89 (t, J = 8.5 Hz, 
2H, ArCH2), 2.44 (s, 3H, ArCH3), 2.38 (s, 3H, O2SArCH3), 2.06 (s, 3H, ºCCH3), 1.02 [s, 9H, 
SiC(CH3)3], and 0.22 [s, 6H, Si(CH3)2]. 
13C NMR (126 MHz, CDCl3) δ 144.3, 139.4, 138.2, 135.2, 133.8, 129.9, 127.5, 122.7, 121.4, 
117.5, 104.6, 96.7, 94.1, 75.8, 49.8, 28.4, 26.4, 21.7, 18.7, 16.9, 4.6, and -4.3. 
IR (neat) 2953, 2929, 2857, 2144, 1597, 1452, 1359, 1252, 1165, 1098, 848, and 807 cm-1.  
HRMS (ESI-TOF): Calcd for C27H33NNaO2SSi+ [M+Na+]: 486.1893; found: 486.1883. 
m.p. 163–166 °C. 
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 25k was synthesized according to General Procedure B (20 mg of the 
starting tetrayne A). Purification by MPLC (hexanes:EtOAc, 4:1) afforded indoline 25k (15 mg, 
59%) as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.72 (s, 1H, ArindolineH), 7.67 (nfod, J = 8.3 Hz, 2H, O2SArHortho), 
7.25 (nfod, J = 8.2 Hz, 2H, O2SArHmeta), 4.32 (q, J = 7.1 Hz, 2H, CO2CH2CH3), 3.89 (t, J = 8.5 
Hz, 2H, TsNCH2), 2.95 (t, J = 8.5 Hz, 2H, ArCH2), 2.47 (s, 3H, ArCH3), 2.38 (s, 3H, O2SArCH3), 
2.07 (s, 3H, ºCCH3), and 1.38 (t, J = 7.1 Hz, 3H, CO2CH2CH3). 
13C NMR (126 MHz, CDCl3) δ 154.2, 144.5, 139.8, 139.6, 137.6, 133.7, 130.0, 127.4, 122.0, 
119.1, 117.7, 95.1, 85.2, 84.2, 75.3, 62.3, 49.7, 28.5, 21.7, 18.6, 14.3, and 4.6. 
IR (neat) 2983, 2920, 2846, 2215, 1705, 1591, 1454, 1358, 1293, 1165, 1102, 1019 cm-1.  
HRMS (ESI-TOF): Calcd for C24H23NNaO4S+ [M+Na+]: 444.1240; found: 444.1253. 
m.p. 169–171 °C. 
6,7-Dimethoxy-3-methyl-2-(phenylethynyl)-9-tosyl-4-(trimethylsilyl)-9H-carbazole (27) and 
2,3-Dimethoxy-6-methyl-7-(phenylethynyl)-9-tosyl-9H-carbazole (27’) 
 27 and 27’ were synthesized according 
to General Procedure B (50 mg of the starting triyne E’145). Purification by MPLC 
(hexanes:EtOAc, 6:1) afforded, in their order of elution, carbazoles 27 and 27’ (24 mg and 24 mg, 
overall 83%), each as a white crystalline solid. 
Data for 27 
1H NMR (500 MHz, CDCl3) δ 8.52 (s, 1H, ArH), 7.94 (s, 1H, ArH), 7.63–7.58 (m, 4H, 
O2SArHortho and PhHortho), 7.46 (s, 1H, ArH), 7.41–7.33 (m, 3H, PhHmeta+para), 7.09 (nfod, J = 8.2 
Hz, 2H, O2SArHmeta), 4.06 (s, 3H, OCH3), 3.93 (s, 3H, OCH3), 2.75 (s, 3H, ArCH3), 2.27 (s, 3H, 
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13C NMR (126 MHz, CDCl3) δ 149.3, 145.9, 144.9, 142.1, 136.6, 134.7, 134.2, 132.4, 132.3, 
131.6, 129.8, 128.5, 128.3, 126.6, 123.8, 121.2, 119.7, 119.6, 107.6, 98.6, 94.0, 89.9, 56.5, 56.3, 
23.6, 21.6, and 3.6. 
IR (neat) 2954, 2866, 2844, 2210, 1598, 1490, 1366, 1320, 1195, 1164, 1033, and 859 cm-1.  
HRMS (ESI-TOF): Calcd for C33H33NNaO4SSi+ [M+Na+]: 590.1792; found: 590.1789. 
m.p. 240–243 °C. 
Data for 27’ 
1H NMR (500 MHz, CDCl3) δ 8.40 (s, 1H, ArH), 7.86 (s, 1H, ArH), 7.63 (d, J = 8.2 Hz, 2H, 
O2SArHortho), 7.60 (nfom, 2H, PhHortho), 7.58 (s, 1H, ArH), 7.42–7.34 (m, 3H, PhHmeta+para), 7.23 
(s, 1H, ArH), 7.08 (nfod, J = 8.2 Hz, 2H, O2SArHmeta), 4.05 (s, 3H, OCH3), 3.96 (s, 3H, OCH3), 
2.61 (s, 3H, ArCH3), and 2.25 (s, 3H, O2SArCH3). 
13C NMR (126 MHz, CDCl3) δ 150.0, 147.5, 145.0, 136.5, 136.2, 134.7, 133.7, 131.7, 129.8, 
128.6, 128.4, 127.3, 126.6, 123.6, 120.8, 119.6, 118.8, 118.6, 101.8, 99.3, 93.8, 89.3, 56.6, 56.4, 
21.6, and 21.0.  
IR (neat) 2943, 2865, 2844, 2210, 1597, 1491, 1366, 1291, 1221, 1162, 1024, and 755 cm-1.  
HRMS (ESI-TOF): Calcd for C30H25NNaO4S+ [M+Na+]: 518.1397; found: 518.1392. 
m.p. 229–233 °C. 
3-(5-(Acetoxymethyl)-7-(phenylethynyl)-1,3-dihydroisobenzofuran-4-yl)prop-2-yn-1-yl 
acetate (28’) and 3-(5-(Acetoxymethyl)-6-(phenylethynyl)-1,3-dihydroisobenzofuran-4-
yl)prop-2-yn-1-yl acetate (28) 
 28 and 28’ were synthesized according to General 
Procedure B (60 mg of the starting tetrayne B’46a). Purification by MPLC (hexanes:EtOAc:DCM, 
3:1:1) afforded, in order of elution, the alkynylbenzene derivatives 28’ (38 mg, containing 3 wt% 
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Data for 28’ 
1H NMR (500 MHz, CDCl3) δ 7.53–7.49 (m, 2H, PhHortho), 7.44 (s, 1H, ArH), 7.39–7.35 (m, 3H, 
PhHmeta+para), 5.25 (br t, J = 2.0 Hz, 2H, H1), 5.24 (s, 2H, ArCH2OAc), 5.20 (br t, J = 2.2 Hz, 2H, 
H3), 4.93 (s, 2H, ºCCH2OAc), 2.15 (s, 3H, CH3), and 2.14 (s, 3H, C’H3). 
13C NMR (126 MHz, CDCl3) δ 170.8, 170.3, 143.0, 141.6, 137.5, 131.8, 130.6, 129.0, 128.6, 
122.6, 117.4, 115.0, 95.2, 93.0, 86.0, 80.9, 74.5, 74.4, 64.0, 52.7, 21.0, and 20.9.  
IR (neat) 2941, 2901, 2856, 2208, 1745, 1646, 1494, 1378, 1224, 1029, 901, and 758 cm-1.  
HRMS (ESI-TOF): Calcd for C24H20NaO5+ [M+Na+]: 411.1203; found: 411.1215. 
m.p. 58–60 °C. 
Data for 28 
1H NMR (500 MHz, CDCl3) δ 7.53–7.49 (m, 2H, PhHortho), 7.42 (s, 1H, ArH), 7.38–7.34 (m, 3H, 
PhHmeta+para), 5.49 (s, 2H, ArCH2OAc), 5.17–5.15 (nfom, 2H, H3), 5.15–5.13 (nfom, 2H, H1), 
4.91 (s, 2H, ºCCH2OAc), 2.14 (s, 3H, CH3), and 2.09 (s, 3H, CH3). 
13C NMR (126 MHz, CDCl3) δ 171.0, 170.2, 143.1, 140.1, 138.0, 131.8, 128.9, 128.6, 125.1, 
124.5, 122.7, 117.6, 94.2, 91.7, 86.4, 80.9, 74.0, 73.9, 63.0, 52.6, 20.9, and 20.8. 
IR (neat) 2944, 2972, 2214, 1741, 1644, 1493, 1442, 1378, 1236, 1029, 1071, and 758 cm-1.  
HRMS (ESI-TOF): Calcd for C24H20NaO5+ [M+Na+]: 411.1203; found: 411.1223. 
m.p. 63–66 °C. 
Dimethyl 5-Phenyl-4,7-bis(phenylethynyl)-1,3-dihydro-2H-indene-2,2-dicarboxylate (29) 
and Dimethyl 5-Phenyl-4,6-bis(phenylethynyl)-1,3-dihydro-2H-indene-2,2-dicarboxylate 
(29’) 
 29 and 29’ were synthesized according to 
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6:1) afforded, in order of elution, the alkynylbenzene derivatives 29 and 29’ (0.90 g and 0.20 g, 
overall 88%). 29 was isolated as a white crystalline solid, while 29’ was a pale-yellow oil. 
Data for 29 
1H NMR (500 MHz, CDCl3) δ 7.67–7.63 (m, 2H, ArH), 7.57–7.53 (m, 2H, ArH), 7.47–7.43 (m, 
3H, ArH), 7.40–7.23 (m, 6H, ArH), 7.31–7.28 (m, 3H, ArH), 3.88 (s, 2H, CH2), 3.86 (s, 2H, 
C’H2), and 3.81 (s, 6H, OCH3). 
13C NMR (126 MHz, CDCl3) δ 172.1, 143.4, 143.1, 141.0, 139.9, 131.8, 131.6, 131.4, 129.4, 
128.7, 128.5, 128.4, 128.1, 127.7, 123.3, 123.1, 119.4, 118.1, 97.6, 94.7, 87.3, 87.2, 59.2, 53.3, 
41.6, and 41.0. one sp2 carbon resonance was not discernible. 
IR (neat) 3058, 2952, 2841, 2212, 1737, 1494, 1442, 1279, 1244, 1200, 1071, 756, and 701 cm-1.  
HRMS (ESI-TOF): Calcd for C35H26NaO4+ [M+Na+]: 533.1723; found: 533.1741. 
m.p. 153–155 °C. 
Data for 29’ 
1H NMR (500 MHz, CDCl3) δ 7.60–7.57 (m, 2H, ArH), 7.49–7.40 (m, 4H, ArH), 7.28–7.22 (m, 
8H, ArH), 7.19–7.16 (m, 2H, ArH), 3.83 (s, 2H, C3-H2), 3.80 (s, 6H, OCH3), and 3.69 (s, 2H, C1-
H2). 
13C NMR (126 MHz, CDCl3) δ 172.0, 145.4, 143.2, 139.1, 139.0, 131.6, 131.4, 130.6, 128.4, 
128.4, 128.3, 128.2, 127.7, 127.6, 127.5, 123.4, 123.3, 122.2, 119.7, 96.7, 92.5, 89.3, 86.7, 59.8, 
53.3, 41.2, and 40.8. 
IR (neat) 3056, 2953, 2842, 2212, 1736, 1598, 1492, 1442, 1269, 1243, 1071, and 756 cm-1.  
HRMS (ESI-TOF): Calcd for C35H26NaO4+ [M+Na+]: 533.1723; found: 533.1709. 
1-(tert-Butyl)-3-(phenylethynyl)-2-propyl-9H-fluoren-9-one (30) 
 30 was synthesized according to General Procedure B (20 mg of the 
starting triyne F91). Purification by MPLC (hexanes:EtOAc, 30:1) afforded fluorenone 30 (21 mg, 
77%) as a yellow crystalline solid. 
Ph
tBuO
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1H NMR (500 MHz, CDCl3) δ 7.58–7.53 (m, 4H, ArH), 7.46–7.42 (m, 2H, ArH), 7.41–7.36 (m, 
4H, ArH), 7.27–7.23 (nfom, 1H, ArH), 3.35–3.20 (nfom, 2H, ArCH2), 1.79–1.70 (m, 2H, 
CH2CH2CH3), 1.64 [s, 9H, C(CH3)3], and 1.06 (t, J = 7.3 Hz, 3H, CH2CH3). 
13C NMR (126 MHz, CDCl3) δ 194.5, 153.5, 145.9, 143.8, 142.6, 134.3, 134.3, 134.3, 131.7, 
131.3, 129.0, 128.8, 128.7, 124.2, 123.3, 122.4, 119.2, 96.0, 89.7, 38.7, 36.1, 32.8, 25.6, and 14.6. 
IR (neat) 3053, 2957, 2868, 2204, 1705, 1606, 1492, 1395, 1256, 1195, 1109, and 756 cm-1.  
HRMS (ESI-TOF): Calcd for C28H26NaO+ [M+Na+]: 401.1876; found: 401.1861. 
m.p. 110–114 °C. 
4-(5-Methyl-4-(prop-1-yn-1-yl)-1-tosylindolin-6-yl)but-3-yn-1-ol (25l) 
 25l was synthesized according to General Procedure B (20 mg of the 
starting tetrayne A). Purification by MPLC (hexanes:EtOAc, 2:1) afforded indoline 25l (20 mg, 
80%) as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.66 (nfod, J = 8.3 Hz, 2H, O2SArHortho), 7.61 (s, 1H, ArindolineH), 
7.23 (nfod, J = 8.2 Hz, 2H, O2SArHmeta), 3.864 (t, J = 8.5 Hz, 2H, TsNCH2), 3.856 (t, J = 6.3 Hz, 
2H, HOCH2), 2.89 (t, J = 8.5 Hz, 2H, ArCH2), 2.76 (t, J = 6.2 Hz, 2H, ºCCH2), 2.42 (s, 3H, 
ArCH3), 2.37 (s, 3H, O2SArCH3), 2.06 (s, 3H, ºCCH3), and 1.86 (br s, 1H, OH). 
13C NMR (126 MHz, CDCl3) δ 144.3, 139.4, 137.6, 134.7, 133.8, 129.9, 127.4, 122.8, 121.3, 
117.4, 94.1, 90.3, 81.6, 75.9, 61.4, 49.8, 28.4, 24.2, 21.7, 18.7, and 4.6. 
IR (neat) 3454, 2954, 2920, 2237, 1592, 1456, 1421, 1354, 1164, 1106, 1053, and 815 cm-1.  
HRMS (ESI-TOF): Calcd for C23H23NNaO3S+ [M+Na+]: 416.1291; found: 416.1298. 
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 The tetrayne A (26 mg) was 
dissolved in but-3-yn-1-ol (0.8 mL) in a vial, and the vial was sealed with a Teflon-line screw cap. 
The reaction vessel was heated in an oil bath at 90 °C. After 15 hours, the crude reaction mixture 
was directly subjected to MPLC (hexanes:EtOAc:DCM, 5:1:1) to afford indoline 31 (24 mg, 77%) 
as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.64 (nfod, J = 8.3 Hz, 2H, O2SArHortho), 7.23 (nfod, J = 8.2 Hz, 
2H, O2SArHmeta), 7.19 (s, 1H, ArindolineH), 4.14 (t, J = 6.8 Hz, 2H, ArOCH2), 3.88 (t, J = 8.5 Hz, 
2H, TsNCH2), 2.83 (t, J = 8.5 Hz, 2H, ArCH2), 2.70 (td, J = 6.8, 2.7 Hz, 2H, ºCCH2), 2.37 (s, 3H, 
O2SArCH3), 2.23 (s, 3H, ArCH3), 2.06 (t, J = 2.6 Hz, 1H, ºCH), and 2.05 (s, 3H, ºCCH3). 
13C NMR (126 MHz, CDCl3) δ 156.2, 144.2, 140.1, 133.9, 129.8, 127.5, 126.6, 124.8, 121.6, 
100.3, 93.5, 80.7, 76.1, 70.0, 67.1, 50.3, 27.8, 21.7, 19.8, 13.7, and 4.6. 
IR (neat) 2948, 2918, 2880, 2230, 2167, 1592, 1456, 1352, 1313, 1164, 1100, and 665 cm-1.  
HRMS (ESI-TOF): Calcd for C23H23NNaO3S+ [M+Na+]: 416.1291; found: 416.1304. 




 25m was synthesized according to General Procedure A (30 mg 
of the starting tetrayne A). Purification by MPLC (hexanes:EtOAc, 2:1) afforded indoline 25m 
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1H NMR (500 MHz, CDCl3) δ 7.67 (nfod, J = 8.3 Hz, 2H, O2SArHortho), 7.62 (s, 1H, ArindolineH), 
7.23 (nfod, J = 8.2 Hz, 2H, O2SArHmeta), 7.18 (d, J = 8.5 Hz, 1H, H1), 6.63 (dd, J = 8.5, 2.8 Hz, 
1H, H2), 6.57 (d, J = 2.6 Hz, 1H, H4), 4.55 (br s, 1H, ArOH), 3.87 (t, J = 8.5 Hz, 2H, TsNCH2), 
2.90 (t, J = 8.5 Hz, 2H, ArindolineCH2), 2.87–2.78 (m, 2H, H6), 2.50–2.43 (m, 1H, H16a), 2.44 (s, 
3H, ArCH3), 2.41–2.36 (m, 1H), 2.36 (s, 3H, O2SArCH3), 2.22 (ddd, J = 11.5, 11.5, 4.1 Hz, H9), 
2.14 (ddd, J = 13.7, 12.2, 4.0 Hz, H16b), 2.05 (s, 3H, ºCCH3), 2.05–1.97 (m, 2H, H12), 1.94–
1.78 (m, 4H), 1.56–1.33 (m, 4H), and 0.96 (s, 3H, C13-CH3). 
13C NMR (126 MHz, CDCl3) δ 153.4, 144.3, 139.5, 138.4, 137.6, 135.0, 133.9, 132.8, 129.9, 
127.5, 126.8, 122.4, 121.5, 117.1, 115.4, 112.8, 96.7, 94.2, 85.2, 80.8, 75.8, 50.0, 49.9, 47.8, 43.9, 
39.6, 39.4, 33.3, 29.8, 28.4, 27.4, 26.6, 23.1, 21.7, 18.9, 13.1, and 4.6. 
IR (neat) 3436, 2929, 2870, 2229, 1611, 1587, 1452, 1355, 1248, 1164, 1047, and 814 cm-1.  
HRMS (ESI-TOF): Calcd for C39H41NNaO4S+ [M+Na+]: 642.2649; found: 642.2662. 
m.p. 227–232 °C. 
(1S,2R,4S,5R)-2-((R)-((3-(5-Methyl-4-(prop-1-yn-1-yl)-1-tosylindolin-6-yl)prop-2-yn-1-
yl)oxy)(quinolin-4-yl)methyl)-5-vinylquinuclidine (25n) 
 25n was synthesized according to General Procedure A (20 mg of the 
starting tetrayne A). Purification by flash column chromatography (EtOAc:MeOH:aqueous NH3, 
19:1:0.1 to 9:1:0.1) afforded indoline 25n (28 mg, 69%) as a light brown oil. 
1H NMR (500 MHz, CDCl3) δ 8.95 (d, J = 4.5 Hz, 1H, H2’), 8.40–8.30 (nfom, 1H, H8’), 8.17 (d, 
J = 8.5 Hz, 1H, H5’), 7.75 (ddd, J = 8.5, 7.0, 0.9 Hz, 1H, H6’), 7.67 (nfod, J = 8.3 Hz, 2H, 
O2SArHortho), 7.64 (br dd, J = 7.0, 7.0 Hz, 1H, H7’), 7.63 (s, 1H, ArindolineH), 7.58 (d, J = 4.3 Hz, 
1H, H3’), 7.25 (nfod, J = 8.2 Hz, 2H, O2SArHmeta), 5.87–5.61 (m, 2H, ArCHOR and RCH=CH2), 
4.99 (d, J = 16.9 Hz, 1H, CH=CHcisHtrans), 4.96 (d, J = 10.1 Hz, 1H, CH=CHcisHtrans), 4.50 (d, J = 
15.8 Hz, 1H, OCHaHb), 4.26 (br d, J = 15.6 Hz, 1H, OCHaHb), 3.88 (t, J = 8.5 Hz, 2H, TsNCH2), 
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J = 8.5 Hz, 2H, ArindolineCH2), 2.87–2.77 (m, 1H, CHaHbNR2), 2.76–2.65 (m, 1H, CHa’Hb’NR2), 
2.38 (s, 6H, ArindolineCH3 and O2SArCH3), 2.38–2.33 (m, 1H, CH-vinyl), 2.07 (s, 3H, ºCCH3), 
1.99–1.87 (m, 3H, CHaHb, CHa’Hb’, and R3CH), 1.75–1.67 (m, 1H, CHaHb), and 1.67–1.59 (m, 1H, 
CHa’Hb’). 
13C NMR (126 MHz, CDCl3) δ 150.2, 148.7, 144.3, 139.5, 137.8, 135.4, 133.8, 130.6, 129.9, 
129.6, 129.5, 127.6, 127.5, 127.3, 126.6, 123.5, 121.8, 121.5, 118.9, 117.3, 115.1, 94.4, 88.2, 86.1, 
75.7, 60.7, 57.6, 56.6, 49.8, 43.3, 39.5, 28.4, 27.9, 27.8, 27.1, 21.7, 20.4, 18.6, and 4.6. 
IR (neat) 3065, 2941, 2864, 2226, 1592, 1509, 1455, 1356, 1166, 1105, 911, and 732 cm-1.  
HRMS (ESI-TOF): Calcd for C41H41N3NaO3S+ [M+Na+]: 678.2761; found: 678.2777. 
Computational Data for Section 5.2 
The DFT calculations were performed using Gaussian 09. The geometry of each structure 
(including the transition structures, 1–4, BF3, CH4, TS2à3, and TS3à4, in Figure 5.6b) was 
optimized at the M06-2X/6-311+G(d,p) level of theory with SMD(toluene) solvation model. The 
nature of the optimized structure was verified by frequency calculation (298K, at the same level 
of theory). For improving the computational efficiency, the same protocol was used for structures 
in Figure 5.7b, using M06-2X/6-31+G(d,p) level of theory with SMD(toluene) solvation model.  
Listed are: the zero-point correction, thermal correction to the Gibbs energy, the sum of the 
electronic and thermal free energies, and the Cartesian coordinates for the optimized geometries. 
For transition structures, the imaginary frequency values are given. Three dimensional views of 
all the transition structures were prepared using CYLview. 
 
Computational data for Figure 5.6b: 
1 
Zero-point correction=                           0.075662 (Hartree/Particle) 
Thermal correction to Gibbs Energy=           0.048326 
Sum of electronic and thermal Free Energies=        -230.826683 
--------------------------------------------------------------------- 
    Center     Atomic      Atomic           Coordinates (Angstroms) 
    Number    Number      Type         X           Y          Z 
--------------------------------------------------------------------- 
      1          6           0        0.000004   -1.230582    0.619738 
      2          6           0        0.000004   -1.230582   -0.619738 
      3          6           0        0.000004   -0.132476   -1.458893 
      4          6           0       -0.000006    1.051863   -0.702115 
      5          6           0       -0.000006    1.051863    0.702115 
      6          6           0        0.000004   -0.132476    1.458893 
      7          1           0        0.000002   -0.134761   -2.540176 
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      8          1           0       -0.000014    2.001931   -1.225261 
      9          1           0       -0.000014    2.001931    1.225261 




Zero-point correction=                           0.012191 (Hartree/Particle) 
Thermal correction to Gibbs Energy=           -0.013322 
Sum of electronic and thermal Free Energies=        -324.574263 
--------------------------------------------------------------------- 
   Center      Atomic      Atomic             Coordinates (Angstroms) 
   Number     Number      Type          X           Y        Z 
--------------------------------------------------------------------- 
      1          5           0        0.000000    0.000000   -0.000451 
      2          9           0        0.000000    0.000000    1.313150 
      3          9           0        0.000000   -1.138125   -0.656450 




Zero-point correction=                           0.045139 (Hartree/Particle) 
Thermal correction to Gibbs Energy=           0.027823 
Sum of electronic and thermal Free Energies=        -40.468677 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number    Number     Type             X           Y          Z 
 --------------------------------------------------------------------- 
      1          6           0        0.000000    0.000000    0.000000 
      2          1           0        0.629496    0.629496    0.629496 
      3          1           0       -0.629496   -0.629496    0.629496 
      4          1           0       -0.629496    0.629496   -0.629496 




Zero-point correction=                           0.088418 (Hartree/Particle) 
Thermal correction to Gibbs Energy=           0.053231 
Sum of electronic and thermal Free Energies=        -555.395611 
--------------------------------------------------------------------- 
    Center     Atomic      Atomic           Coordinates (Angstroms) 
    Number    Number      Type         X          Y         Z 
--------------------------------------------------------------------- 
      1          6           0       -0.058030   -0.101855   -0.000001 
      2          6           0       -0.973169   -0.991640   -0.000005 
      3          6           0       -2.285728   -1.281092   -0.000011 
      4          6           0       -2.930991   -0.025838    0.000006 
      5          6           0       -2.185741    1.156745   -0.000003 
      6          6           0       -0.796297    1.137713   -0.000010 
      7          1           0       -2.782316   -2.238162   -0.000010 
      8          1           0       -4.014373   -0.014252    0.000015 
      9          1           0       -2.700703    2.109071    0.000002 
     10          1           0       -0.193102    2.039646   -0.000010 
     11          5           0        1.766002   -0.052675    0.000004 
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     12          9           0        2.108007   -0.699883   -1.150961 
     13          9           0        2.032905    1.288972    0.000003 





One imaginary frequency:        -288.80 cm-1 
Zero-point correction=                           0.134698 (Hartree/Particle) 
Thermal correction to Gibbs Energy=           0.095846 
Sum of electronic and thermal Free Energies=         -595.855737 
--------------------------------------------------------------------- 
   Center      Atomic      Atomic          Coordinates (Angstroms) 
   Number     Number      Type         X           Y          Z 
--------------------------------------------------------------------- 
      1          6           0        0.099496   -0.362917    0.028817 
      2          6           0        2.184426    1.063321    0.079832 
      3          6           0        2.965094   -0.106272    0.002968 
      4          6           0        2.357819   -1.361443   -0.056217 
      5          6           0        0.974894   -1.493932   -0.043916 
      6          1           0        2.573119    2.068788    0.133096 
      7          1           0        4.042778    0.005548   -0.004936 
      8          1           0        2.975057   -2.249331   -0.113060 
      9          1           0        0.489989   -2.463606   -0.091516 
     10          5           0       -1.596561   -0.473784    0.013791 
     11          9           0       -2.029142    0.093935   -1.178802 
     12          9           0       -1.909080   -1.821252    0.093070 
     13          9           0       -2.063834    0.238049    1.111875 
     14          6           0        0.898986    0.665654    0.080940 
     15          6           0       -0.490335    2.797836   -0.087099 
     16          1           0        0.112169    3.706128   -0.077255 
     17          1           0       -0.431236    2.317079   -1.063110 
     18          1           0       -0.164141    2.161860    0.757329 




Zero-point correction=                           0.140839 (Hartree/Particle) 
Thermal correction to Gibbs Energy=           0.104341 
Sum of electronic and thermal Free Energies=         -595.910682 
--------------------------------------------------------------------- 
   Center      Atomic      Atomic           Coordinates (Angstroms) 
   Number     Number      Type          X          Y         Z 
--------------------------------------------------------------------- 
      1          6           0        0.016150   -0.296355   -0.034948 
2.55 Å 1.96 Å
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      2          6           0        0.792680    0.929590   -0.274458 
      3          6           0        2.257424    0.825563   -0.224525 
      4          6           0        2.878519   -0.366928   -0.035025 
      5          6           0        2.083495   -1.524337    0.155488 
      6          6           0        0.695735   -1.492626    0.147521 
      7          1           0        2.831577    1.736401   -0.367230 
      8          1           0        3.957914   -0.445876   -0.016947 
      9          1           0        2.586767   -2.474556    0.310060 
     10          1           0        0.132415   -2.406742    0.293540 
     11          5           0       -1.627358   -0.233214   -0.040056 
     12          9           0       -2.040265    0.608745   -1.089676 
     13          9           0       -2.142434   -1.522683   -0.214538 
     14          9           0       -2.039563    0.294736    1.195886 
     15          1           0        0.580031    1.057150   -1.368446 
     16          6           0        0.233423    2.211450    0.382216 
     17          1           0        0.787055    3.080235    0.023861 
     18          1           0       -0.819872    2.328978    0.137269 





One imaginary frequency:        -453.34 cm-1 
Zero-point correction=                           0.138896 (Hartree/Particle) 
Thermal correction to Gibbs Energy=           0.103467 
Sum of electronic and thermal Free Energies=         -595.908959 
--------------------------------------------------------------------- 
   Center      Atomic      Atomic          Coordinates (Angstroms) 
   Number     Number      Type         X          Y          Z 
--------------------------------------------------------------------- 
      1          6           0        0.035751   -0.283192    0.028761 
      2          6           0        0.793247    0.949812   -0.071962 
      3          6           0        2.237125    0.884410   -0.042151 
      4          6           0        2.881671   -0.316489   -0.001442 
      5          6           0        2.131947   -1.515133    0.054137 
      6          6           0        0.757516   -1.497787    0.061160 
      7          1           0        2.792499    1.815817   -0.062974 
      8          1           0        3.964020   -0.358229    0.002396 
      9          1           0        2.657741   -2.463299    0.087007 
     10          1           0        0.191003   -2.419833    0.112187 
     11          5           0       -1.618565   -0.261879   -0.001938 
     12          9           0       -2.025910    0.389165   -1.182801 
     13          9           0       -2.083734   -1.579295    0.016961 
     14          9           0       -2.077615    0.439920    1.120241 
     15          1           0        0.525150    0.521424   -1.157428 
     16          6           0        0.123362    2.292848    0.119708 
     17          1           0        0.677846    3.074374   -0.401264 
1.51 Å
1.20 Å
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     18          1           0       -0.904595    2.279178   -0.235528 




Zero-point correction=                           0.128455 (Hartree/Particle) 
Thermal correction to Gibbs Energy=           0.097996 
Sum of electronic and thermal Free Energies=         -271.416204 
--------------------------------------------------------------------- 
   Center      Atomic      Atomic           Coordinates (Angstroms) 
   Number     Number      Type          X          Y         Z 
--------------------------------------------------------------------- 
      1          6           0        0.192848    1.200418   -0.007854 
      2          6           0        0.910148    0.003098   -0.010510 
      3          6           0        0.196716   -1.197911   -0.007990 
      4          6           0       -1.193945   -1.203392    0.001960 
      5          6           0       -1.897662   -0.002290    0.007291 
      6          6           0       -1.199084    1.200462    0.001967 
      7          1           0        0.739679   -2.137941   -0.015539 
      8          1           0       -1.729343   -2.146162    0.001898 
      9          1           0       -2.981409   -0.004505    0.011979 
     10          1           0       -1.737724    2.141374    0.001842 
     11          6           0        2.416211    0.001000    0.008252 
     12          1           0        2.817368   -0.815345   -0.595611 
     13          1           0        2.817697    0.940484   -0.375431 
     14          1           0        2.790669   -0.128830    1.027931 
     15          1           0        0.731673    2.142619   -0.015765 
--------------------------------------------------------------------- 
 
Detailed computational data for the species in Figure 5.7b: 
 
6 
Zero-point correction=                           0.230691 (Hartree/Particle) 
Thermal correction to Gibbs Energy=           0.188187 
Sum of electronic and thermal Free Energies=        -691.612348 
--------------------------------------------------------------------- 
    Center      Atomic      Atomic         Coordinates (Angstroms) 
   Number     Number       Type        X          Y          Z 
--------------------------------------------------------------------- 
      1          6           0        2.855373   -1.819348    0.000023 
      2          6           0        1.988186   -0.738648    0.000022 
      3          6           0        2.484054    0.575833    0.000002 
      4          6           0        3.842252    0.839031   -0.000047 
      5          6           0        4.722072   -0.250743   -0.000076 
      6          6           0        4.232237   -1.557145   -0.000041 
      7          6           0        1.331141    1.537821    0.000086 
      8          6           0        0.092505    0.686242    0.000073 
      9          6           0        0.513026   -0.669780    0.000009 
     10          6           0       -0.566935   -1.528972    0.000083 
     11          6           0       -1.753026   -1.132147    0.000027 
     12          6           0       -2.306129    0.137078   -0.000080 
     13          6           0       -1.242626    1.081036    0.000172 
     14          8           0        1.391971    2.747814   -0.000028 
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     15          6           0       -3.760484    0.515674   -0.000158 
     16          6           0       -4.693802   -0.693142    0.000033 
     17          6           0       -6.162993   -0.284458   -0.000026 
     18          1           0        2.480686   -2.838505    0.000027 
     19          1           0        4.206980    1.862000   -0.000057 
     20          1           0        5.793658   -0.079206   -0.000116 
     21          1           0        4.931628   -2.387746   -0.000067 
     22          1           0       -3.964509    1.141867   -0.878535 
     23          1           0       -3.964524    1.142176    0.877991 
     24          1           0       -4.476208   -1.311278    0.879791 
     25          1           0       -4.476216   -1.311541   -0.879543 
     26          1           0       -6.818616   -1.159769    0.000108 
     27          1           0       -6.405248    0.314072    0.884670 
     28          1           0       -6.405253    0.313803   -0.884902 
     29          1           0       -1.487254    2.141634    0.000245 
--------------------------------------------------------------------- 
BF3 
Zero-point correction=                           0.012310 (Hartree/Particle) 
Thermal correction to Gibbs Energy=           -0.012173 
Sum of electronic and thermal Free Energies=         -324.483368 
--------------------------------------------------------------------- 
    Center     Atomic      Atomic          Coordinates (Angstroms) 
   Number     Number      Type         X          Y          Z 
--------------------------------------------------------------------- 
      1          5           0        0.000000    0.000000    0.000000 
      2          9           0        0.000000    1.317067    0.000000 
      3          9           0       -1.140613   -0.658533    0.000000 




Zero-point correction=                           0.243843 (Hartree/Particle) 
Thermal correction to Gibbs Energy=           0.195007 
Sum of electronic and thermal Free Energies=        -1016.089194 
--------------------------------------------------------------------- 
   Center      Atomic      Atomic          Coordinates (Angstroms) 
   Number     Number      Type         X          Y          Z 
--------------------------------------------------------------------- 
      1          6           0       -2.776663    1.163068    0.000584 
      2          6           0       -1.992361    0.020430    0.000211 
      3          6           0       -2.584383   -1.255418    0.000291 
      4          6           0       -3.958748   -1.419057    0.000728 
      5          6           0       -4.754565   -0.267759    0.001116 
      6          6           0       -4.168175    0.997905    0.001049 
      7          6           0       -1.515650   -2.299448   -0.000171 
      8          6           0       -0.219257   -1.537547   -0.000582 
      9          6           0       -0.517410   -0.162022   -0.000407 
     10          6           0        0.522772    0.818718   -0.000793 
     11          6           0        1.587940    0.068378   -0.001255 
     12          6           0        2.191058   -1.132173   -0.001336 
     13          6           0        1.078348   -2.027491   -0.000971 
     14          8           0       -1.643314   -3.502725   -0.000317 
     15          6           0        3.649974   -1.491923   -0.001804 
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     16          6           0        4.549939   -0.254335    0.002559 
     17          6           0        6.026748   -0.630295    0.002033 
     18          1           0       -2.336211    2.153639    0.000524 
     19          1           0       -4.396867   -2.412816    0.000772 
     20          1           0       -5.835876   -0.359022    0.001461 
     21          1           0       -4.801851    1.879190    0.001346 
     22          1           0        3.849401   -2.108793   -0.885589 
     23          1           0        3.848514   -2.114590    0.878079 
     24          1           0        4.318533    0.353062    0.886491 
     25          1           0        4.319356    0.358650   -0.877754 
     26          1           0        6.657239    0.262477    0.005115 
     27          1           0        6.282346   -1.223432    0.886148 
     28          1           0        6.283170   -1.217892   -0.885531 
     29          5           0        0.371886    2.553133   -0.000523 
     30          9           0       -0.324988    2.874050    1.148676 
     31          9           0       -0.325527    2.874414   -1.149301 
     32          9           0        1.660733    3.055378   -0.000752 
     33          1           0        1.289955   -3.095110   -0.001020 
--------------------------------------------------------------------- 
 
TS1 [not a true TS (see Figure S2)] 
SCF Done: E(RM062X) = -1016.27864595 a.u. 
C        3.1673277        1.5118081        0.0067472 
C        2.4297707        0.3384551        0.0029082 
C        3.0735827       -0.9122049        0.0054922 
C        4.4533597       -1.0198669        0.0111222 
C        5.2017107        0.1626771        0.0144722 
C        4.5645737        1.4033701        0.0126212 
C        2.0492807       -1.9998199       -0.0005888 
C        0.7229107       -1.2910419       -0.0049178 
C        0.9639997        0.0945621       -0.0060098 
C       -0.1200573        1.0271561       -0.0196168 
C       -1.1539313        0.2351221       -0.0225378 
C       -1.7064643       -0.9907199       -0.0285618 
C       -0.5535753       -1.8333629       -0.0166508 
O        2.2266097       -3.1967409       -0.0022768 
C       -3.1402323       -1.4385189       -0.0249938 
C       -4.1301223       -0.3807209       -0.5669728 
C       -5.1756733        0.0213921        0.4688762 
H        2.6866287        2.4834231        0.0046462 
H        4.9321797       -1.9947039        0.0123392 
H        6.2859137        0.1155011        0.0184412 
H        5.1621987        2.3095421        0.0152162 
H       -3.3957833       -1.6938419        1.0107882 
H       -3.1900743       -2.3704729       -0.5943428 
H       -4.6258683       -0.7753879       -1.4582998 
H       -3.5858833        0.5122791       -0.8974978 
H       -5.8650743        0.7654841        0.0609142 
H       -5.7664473       -0.8441079        0.7868472 
H       -4.7038243        0.4535611        1.3576532 
B       -0.0374583        2.7674211       -0.0282098 
F        0.6676107        3.1067021       -1.1671538 
F        0.6274497        3.1209971        1.1300272 
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F       -1.3440153        3.2208761       -0.0548998 
H       -0.7206223       -2.9088169       -0.0255808 
 
503 
Zero-point correction=                           0.247163 (Hartree/Particle) 
Thermal correction to Gibbs Energy=           0.202235 
Sum of electronic and thermal Free Energies=        -1016.141755 
--------------------------------------------------------------------- 
   Center      Atomic      Atomic           Coordinates (Angstroms) 
   Number    Number       Type          X          Y          Z 
--------------------------------------------------------------------- 
      1          6           0        2.401518    1.383313    0.174947 
      2          6           0        1.758245    0.159982    0.042714 
      3          6           0        2.514898   -1.024988   -0.001168 
      4          6           0        3.902216   -1.023795    0.070233 
      5          6           0        4.545733    0.206966    0.193964 
      6          6           0        3.799228    1.387450    0.248201 
      7          6           0        1.602083   -2.181069   -0.113252 
      8          6           0        0.200567   -1.587028   -0.126250 
      9          6           0        0.304505   -0.180245   -0.044613 
     10          6           0       -0.826722    0.619188   -0.066436 
     11          6           0       -2.111117   -0.108970   -0.164104 
     12          6           0       -2.142636   -1.581265   -0.099216 
     13          6           0       -0.981703   -2.320130   -0.163470 
     14          8           0        1.846931   -3.364728   -0.173158 
     15          6           0       -3.537082   -2.059650    0.150439 
     16          6           0       -4.389898   -0.776897    0.156215 
     17          6           0       -3.408786    0.329889    0.565661 
     18          1           0        1.842925    2.309986    0.220624 
     19          1           0        4.457557   -1.956143    0.030176 
     20          1           0        5.628449    0.250819    0.251785 
     21          1           0        4.314793    2.337498    0.351532 
     22          1           0       -3.539856   -2.530203    1.144234 
     23          1           0       -3.854475   -2.827881   -0.561578 
     24          1           0       -5.247896   -0.851511    0.826216 
     25          1           0       -4.766353   -0.573669   -0.852596 
     26          1           0       -3.719142    1.330762    0.274999 
     27          1           0       -3.222063    0.319261    1.644970 
     28          1           0       -2.336646    0.074525   -1.250843 
     29          5           0       -0.797684    2.271698   -0.149657 
     30          9           0        0.051427    2.656018   -1.200949 
     31          9           0       -0.312526    2.767739    1.072465 
     32          9           0       -2.090755    2.756871   -0.396860 




One imaginary frequency:        -570.40 cm-1 
Zero-point correction=                           0.244966 (Hartree/Particle) 
Thermal correction to Gibbs Energy=           0.201086 
Sum of electronic and thermal Free Energies=        -1016.137810 
--------------------------------------------------------------------- 
    Center     Atomic      Atomic          Coordinates (Angstroms) 
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   Number     Number      Type          X         Y          Z 
--------------------------------------------------------------------- 
      1          6           0       -2.404764    1.384109   -0.015480 
      2          6           0       -1.759801    0.155460    0.000008 
      3          6           0       -2.519953   -1.029029    0.009385 
      4          6           0       -3.904800   -1.023398    0.004880 
      5          6           0       -4.551828    0.215340   -0.010831 
      6          6           0       -3.806520    1.394068   -0.021153 
      7          6           0       -1.600321   -2.193209    0.021692 
      8          6           0       -0.208428   -1.599542    0.008433 
      9          6           0       -0.309451   -0.212018    0.002506 
     10          6           0        0.854378    0.607559   -0.015684 
     11          6           0        2.109040   -0.130617    0.014036 
     12          6           0        2.156062   -1.577846   -0.035432 
     13          6           0        0.994798   -2.312664   -0.012724 
     14          8           0       -1.858185   -3.375358    0.033163 
     15          6           0        3.579177   -2.039839   -0.159954 
     16          6           0        4.397983   -0.799919    0.242578 
     17          6           0        3.527248    0.398167   -0.170330 
     18          1           0       -1.850907    2.313308   -0.024716 
     19          1           0       -4.460459   -1.956331    0.013605 
     20          1           0       -5.636011    0.261704   -0.015922 
     21          1           0       -4.321743    2.349733   -0.035332 
     22          1           0        3.763372   -2.296298   -1.212505 
     23          1           0        3.790361   -2.931340    0.435846 
     24          1           0        5.384331   -0.778771   -0.224223 
     25          1           0        4.539071   -0.791058    1.328941 
     26          1           0        3.727605    1.304946    0.395691 
     27          1           0        3.652651    0.637616   -1.232974 
     28          1           0        1.673102    0.145616    1.110083 
     29          5           0        0.787664    2.273285    0.001660 
     30          9           0        0.075397    2.675567    1.142390 
     31          9           0        0.113876    2.657532   -1.164807 
     32          9           0        2.072861    2.817669    0.027959 




Zero-point correction=                           0.235267 (Hartree/Particle) 
Thermal correction to Gibbs Energy=           0.196662 
Sum of electronic and thermal Free Energies=         -691.740431 
--------------------------------------------------------------------- 
   Center      Atomic      Atomic          Coordinates (Angstroms) 
   Number     Number      Type         X          Y          Z 
--------------------------------------------------------------------- 
      1          6           0       -2.345934   -1.843922    0.006025 
      2          6           0       -1.602547   -0.672641    0.010740 
      3          6           0       -2.251095    0.572497   -0.014052 
      4          6           0       -3.630518    0.679186   -0.044834 
      5          6           0       -4.381298   -0.502661   -0.049705 
      6          6           0       -3.743338   -1.743182   -0.024638 
      7          6           0       -1.211773    1.654636   -0.001566 
      8          6           0        0.103508    0.941322    0.033289 
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      9          6           0       -0.134041   -0.443977    0.041866 
     10          6           0        0.925182   -1.342164    0.066191 
     11          6           0        2.218761   -0.812459    0.074545 
     12          6           0        2.450062    0.571249    0.065385 
     13          6           0        1.385175    1.472897    0.047390 
     14          8           0       -1.400889    2.852945   -0.016990 
     15          6           0        3.934922    0.852306    0.096274 
     16          6           0        4.546161   -0.490201   -0.355144 
     17          6           0        3.533427   -1.556762    0.109899 
     18          1           0       -1.866188   -2.818116    0.025885 
     19          1           0       -4.109830    1.653914   -0.064840 
     20          1           0       -5.465412   -0.456035   -0.073475 
     21          1           0       -4.341233   -2.649740   -0.028482 
     22          1           0        4.244561    1.095732    1.121615 
     23          1           0        4.224480    1.693077   -0.540106 
     24          1           0        5.550450   -0.655945    0.041623 
     25          1           0        4.607860   -0.507176   -1.448684 
     26          1           0        3.533244   -2.454708   -0.514387 
     27          1           0        3.747292   -1.873259    1.139882 
     28          1           0        0.760344   -2.416834    0.069925 
     29          1           0        1.541607    2.548789    0.036963 
---------------------------------------------------------------------  
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Supplementary Information for Chapter 6 
Experimental and Computational Data for Section 6.1 
General Procedures A–C.  
A. General procedure for the Cadiot–Chodkiewicz cross-coupling reaction  
 
To a solution of CuCl (0.050–0.10 equiv with respect to the terminal alkyne substrate) in 30:70 
(v:v) nBuNH2:H2O (5.0 mL/mmol with respect to the terminal alkyne substrate) was added an 
excess of NH2OH•HCl (typically a few crystals) with stirring. The color of this mixture turned 
from deep blue to colorless immediately, indicating full conversion of Cu(II) to Cu(I). The 
headspace of the reaction flask was purged with N2. The vessel was sealed with a septum, a 
nitrogen balloon was attached, and the vessel was cooled in an ice water bath. A solution of the 
terminal alkyne (1.0 equiv) in CH2Cl2 (ca. 2.5 mL/mmol) was added into the flask via syringe 
resulting in a yellow, orange, or red suspension, which is indicative for the formation of an 
alkynyl copper species. After stirring for ca. 5 min, the 1-bromoalkyne (0.90–1.5 equiv) in 
CH2Cl2 (ca. 2.5 mL/mmol) was added dropwise via syringe over ca. 15 min using a syringe pump. 
The mixture was then kept stirring at the indicated temperature (0 ºC or rt). Typically, the 
suspension of the alkynyl copper turned clear over the course of 10–100 min, which indicated 
consumption of the alkynyl copper species. The mixture was quenched by the addition of 
saturated aqueous NH4Cl and extracted with CH2Cl2. The extracts were dried and concentrated. 
The crude material was subsequently purified by flash chromatography on silica gel.  
B. General procedure for bromination of terminal or TMS-alkyne 
 
To a stirred solution of terminal alkyne or TMS-protected terminal alkyne (1.0 equiv) and N-
bromosuccinimide (NBS, 1.1 equiv) in acetone (0.10 M), powdered AgNO3 (0.10 equiv) was 
added. After being stirred at room temperature for 1–2 hours (TLC monitoring), an equal volume 
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of hexanes was added to the suspension, and the solid succinimide was removed by filtration 
through Celite®. Following solvent removal from the filtrate, the crude material was purified by 
flash chromatography. 
C. General procedure for the domino HDDA reaction  
The poly-yne precursor (1.0 equiv) and the trapping reagent (typically 1.2–10 equiv) were added 
to an oven-dried glass vial. The indicated solvent (typically chloroform—the source was 
amylene-stabilized rather than ethanol-stabilized, since ethanol is known to react with HDDA-
benzynes) was then added to dissolve all the material and arrive at a concentration of the poly-yne 
of 0.005–0.040 M. The headspace of the reaction vial was purged with a gentle flow of N2 gas 
and the vial was sealed with a Teflon-lined cap. The reaction mixture was stirred in a heated oil 
bath held at the indicated temperature. After the poly-yne had disappeared (TLC), the vial was 
cooled to ambient temperature, the solution was concentrated in vacuo, and the residue was 
directly subjected to flash column chromatography on silica gel or to MPLC for purification. 
A. Procedures for syntheses of and characterization data for poly-yne substrates 




Following general procedure A, 1,5-hexadiyne (0.95 mL, 10 mmol), 3-bromoprop-2-yn-1-ol 
(1.35 g, 10 mmol), CuCl (50 mg, 0.5 mmol), n-butylamine/H2O (v:v, 30:70, 50 mL), and DCM 




















0 °C, 2 h
56% yield S1
+
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chromatography (hexanes:EtOAc 4:1) provided triyne S1 (739 mg, 5.6 mmol, 56%) as a pinkish 
solid. 
1H NMR (500 MHz, CDCl3): δ 4.32 (s, 2H, CH2OH), 2.53 (nfot, J = 7.3 Hz, 2H, C≡CC≡CCH2), 
2.43 (nfotd, J = 7.6, 2.6 Hz, 2H, HC≡CCH2), 2.04 (t, J = 2.6 Hz, 1H,	C≡CH), and 1.71 (br s, 1H, 
OH). 
13C NMR (126 MHz, CDCl3): δ 82.0, 79.3, 74.6, 70.7, 70.0, 65.6, 51.6, 19.5, and 18.4. 
IR (neat): 3305, 3269, 3175, 2921, 2253, 1490, 1434, 1353, 1229, 1029, 1008, and 927 cm-1.  
HRMS (ESI-TOF): Calcd for C9H8AgO+ [M+Ag+] requires 238.9621; found 238.9617. 
Mp: 62–64 ºC. 
______________________________________________________________________________ 
Tetradeca-2,4,8,10-tetrayn-1-yl propiolate (9) 
 
Following general procedure A, triyne S1 (185 mg, 1.4 mmol), 1-bromopentyne (309 mg, 2.1 
mmol), CuCl (14 mg, 0.14 mmol), n-butylamine/H2O (v:v, 30:70, 7.0 mL), and DCM (7.0 mL) 
were used to prepare tetrayne S2. Purification by flash chromatography (hexanes:EtOAc 4:1) 
afforded tetrayne S2 (263 mg, 1.3 mmol), as a white solid. 
1H NMR (500 MHz, CDCl3): δ 4.32 (d, J = 6.1 Hz, 2H, CH2OH), 2.54–2.47 (m, 4H, 
C≡CCH2CH2C≡C), 2.23 (t, J = 6.9 Hz, 2H, CH2CH2CH3), 1.67 (t, J = 6.1 Hz, 1H, CH2OH), 1.55 
(sextet, J = 7.0 Hz, 2H, CH2CH2CH3), and 0.98 (t, J = 6.9 Hz, 3H, CH2CH2CH3). 
13C NMR (126 MHz, CDCl3): δ 79.0, 78.8, 74.6, 74.4, 70.7, 67.0, 65.8, 65.2, 51.6, 21.9, 21.3, 
19.5, 19.2, and 13.6. 
IR (neat): 3327, 3207, 2961, 2934, 2872, 2254, 1459, 1431, 1353, 1263, 1228, 1027, 908 cm-1.  
HRMS (ESI-TOF): Calcd for C14H14AgO+ [M+Ag+] requires 305.0090; found 305.0085. 






0 °C, 2 hS1
DCC, DMAP
DCM
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Tetrayne S2 (238 mg, 1.2 mmol), 4-dimethylaminopyridine (DMAP, 17 mg, 0.14 mmol), and 
propiolic acid (124 uL, 2.0 mmol) were dissolved in anhydrous DCM (15 mL) and stirred at 0 ºC. 
N,N'-Dicyclohexylcarbodiimide (DCC*, 402 mg, 1.95 mmol) was added to the solution, after 
which the headspace of the reaction flask was purged with N2. The resulted brown suspension 
was warmed to room temperature and stirred for 16 h. The crude reaction mixture was filtered by 
passing through a short silica plug, concentrated, and purified by flash chromatography 
(hexanes:EtOAc 8:1) to give pentayne 9 (217 mg, 0.87 mmol, 68% over two steps) as a colorless 
solid (pinkish solid when exposed to light). 
*CAUTION: DCC is an irritant and can lead to sensitization. Avoid any direct contact with the 
skin and inhalation.   
1H NMR (500 MHz, CDCl3): δ 4.83 (s, 2H, CH2O), 2.95 (s, 1H, C≡CH), 2.509 (nfot, J = 5.0 Hz, 
2H, C≡CCH2CH2C≡C), 2.505 (nfot, J = 5.2 Hz, 2H, C≡CCH2CH2C≡C), 2.23 (t, J = 7.0 Hz, 2H, 
CH2CH2CH3), 1.55 (sextet, J = 7.2 Hz, 2H, CH2CH2CH3), and 0.98 (t, J = 7.0 Hz, 3H, 
CH2CH2CH3). 
13C NMR (126 MHz, CDCl3): δ 151.8, 80.0, 78.9, 76.2, 74.2, 73.9, 72.5, 68.8, 67.0, 65.6, 65.1, 
54.1, 21.9, 21.3, 19.4, 19.1, and 13.6. 
IR (neat): 3243, 2971, 2936, 2261, 2129, 2117, 1702, 1440, 1430, 1370, 1235, 982, 949, 761 cm-1.  
HRMS (ESI-TOF): Calcd for C17H14NaO2+ [M+Na+] requires 273.0886; found 273.0865. 
Mp: 51–52 ºC. 
______________________________________________________________________________ 























To a stirred solution of triyne S1 (528 mg, 4.0 mmol) and imidazole (326 mg, 4.8 mmol) in DCM 
(10 mL) at 0 ºC was added tert-butyldimethylsilyl chloride (TBSCl, 664 mg, 4.4 mmol). The 
solution was then warmed to room temperature. After being stirred for 16 hours, the reaction 
mixture was quenched by the addition of saturated aqueous ammonium chloride, and extracted 
with DCM. The combined organic solution was dried and concentrated, and the crude TBS-ether 
S3 was directly used in the following step without further purification. 
Bromoalkyne S4 was prepared following general procedure B from the crude sample of S3, N-
bromosuccinimide (NBS, 712 mg, 4.0 mmol), AgNO3 (68 mg, 0.40 mmol), and acetone (40 mL). 
Purification by flash chromatography (hexanes:EtOAc 9:1) afforded S4 (1.27 g, 3.9 mmol, 98%) 
as a white solid. 
1H NMR (500 MHz, CDCl3): δ 4.36 (s, 2H, CH2O), 2.51 (br s, 4H, CH2CH2), 0.90 [s, 9H, 
Si(CH3)2C(CH3)3], and 0.12 [s, 6H, Si(CH3)2C(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 78.1, 75.7, 75.4, 69.7, 66.6, 66.2, 52.2, 25.9, 19.4, 19.3, 18.4, 
and -5.0. 
IR (neat): 2955, 2930, 2859, 2255, 1462, 1375, 1259, 1234, 1092, 907, 840, and 781 cm-1.  
HRMS (ESI-TOF): Calcd for C15H21AgBrOSi+ [M+Ag+] requires 430.9590; found 430.9581. 
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Hexayne S5 was synthesized following general procedure A from triyne S1 (218 mg, 1.65 mmol), 
bromoalkyne S4 (643 mg, 1.98 mmol), CuCl (16 mg, 0.16 mmol), n-butylamine/H2O (v:v, 30:70, 
8.0 mL), and DCM (8.0 mL). Purification by flash chromatography (hexanes:EtOAc 2:1) 
provided hexayne S5 (556 mg, 1.48 mmol, 90%) as a white solid.  
1H NMR (500 MHz, CDCl3): δ 4.36 (s, 2H, CH2OTBS), 4.32 (br s, 2H, CH2OH), 2.51 (br s, 8H, 
CH2CH2 and CH2CH2), 1.67 (br s, 1H, OH), 0.90 [s, 9H, Si(CH3)2C(CH3)3], and 0.12 [s, 6H, 
Si(CH3)2C(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 78.9, 78.1, 75.8, 75.6, 75.4, 74.7, 70.7, 69.7, 66.7, 66.6, 66.2, 
65.9, 52.2, 51.7, 25.9, 19.39, 19.38, 19.3, 19.2, 18.4, and -5.0. 
IR (neat): 3353, 2958, 2930, 2858, 2257, 1432, 1372, 1260, 1234, 1089, 1025, 840, and 780 cm-1. 
HRMS (ESI-TOF): Calcd for C24H28NaO2Si+ [M+Na+] requires 399.1751; found 399.1754. 
Mp: 119–120 ºC.  
______________________________________________________________________________ 
18-((tert-Butyldimethylsilyl)oxy)octadeca-2,4,8,10,14,16-hexayn-1-yl propiolate (13) 
 
Hexayne S5 (226 mg, 0.60 mmol), 4-dimethylaminopyridine (DMAP, 7.0 mg, 0.062 mmol), and 
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N,N'-Dicyclohexylcarbodiimide (DCC*, 161 mg, 0.78 mmol) was added to the solution, after 
which the headspace of the reaction flask was purged with N2. The resulting brown suspension 
was warmed to room temperature and stirred for 16 h. The crude reaction mixture was filtered by 
passing through a short silica plug, concentrated, and purified by flash chromatography 
(hexanes:EtOAc 2:1) to give heptayne 13 (218 mg, 0.51 mmol, 85%) as a white solid. 
*CAUTION: DCC is an irritant and can lead to sensitization. Avoid any direct contact with the 
skin and inhalation.   
1H NMR (500 MHz, CDCl3): δ 4.83 [s, 2H, CH2O(C=O)], 4.36 (s, 2H, CH2OTBS), 2.95 (s, 1H, 
C≡CH), 2.51 (br s, 8H, CH2CH2 and CH2CH2), 0.90 [s, 9H, Si(CH3)2C(CH3)3], and 0.12 [s, 6H, 
Si(CH3)2C(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 151.8, 79.9, 78.1, 76.2 (x2), 75.8, 75.4, 74.0, 72.5, 69.6, 68.9, 
66.7, 66.5, 66.2, 65.7, 54.1, 52.2, 25.9, 19.39, 19.36, 19.3, 19.1, 18.4, and -5.0.  
IR (neat): 3278, 2954, 2930, 2857, 2260, 2123, 1715, 1432, 1374, 1232, 1092, 840, and 781 cm-1.  
HRMS (ESI-TOF): Calcd for C27H28NaO3Si+ [M+Na+] requires 451.1700; found 451.1716. 
Mp: 68–70 ºC.  
______________________________________________________________________________ 






























To a stirred solution of TMEDA (0.30 mL, 2.0 mmol) in DCM (25 mL) was added CuI (190 mg, 
1.0 mmol) under air. The color of the clear solution quickly turned into deep blue, which 
indicated the generation of Cu(II) complexes. ((2-ethynylphenyl)ethynyl)trimethylsilane148 (2.0 g, 
10 mmol) was added after the solution was exposed to air for ca. 10 min. The reaction was kept 
open to air and quenched after 16 hours by passing through a short silica plug (eluted with DCM). 
The DCM eluent was concentrated, and the crude tetrayne S6-TMS (1.9 g) was used in the 
following step without further purification. 
The crude tetrayne S6-TMS (1.9 g) was then dissolved in THF (20 mL)/MeOH (80 mL) followed 
by addition of KF•2H2O (0.94 g, 10 mmol). After being stirred for 16 hours, the reaction was 
quenched by addition of deionized water and extracted with DCM. The combined organic phase 
was dried and concentrated. The residue was purified by flash chromatography (hexanes:EtOAc 
12:1) to provide tetrayne S6 (0.98 g, 3.9 mmol, 78% over two steps). The spectral data were 




                                                
146 Guo, L.; Hrabusa, J. M.; Tessier, C. A.; Youngs, W. J.; Lattimer, R. Syntheses and Crystal Structures of 
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Pentayne S7 was synthesized following general procedure A from 1,4-bis(2-ethynylphenyl)buta-
1,3-diyne (S6) (500 mg, 2.0 mmol), 3-bromoprop-2-yn-1-ol (405 mg, 3.0 mmol), CuCl (20 mg, 
0.20 mmol), n-butylamine/H2O (v:v, 30:70, 10 mL), and DCM (10 mL). Purification by flash 
chromatography (hexanes:EtOAc 2:1) provided pentayne S7 (360 mg, 1.18 mmol, 59%) as an 
orange oil.  
1H NMR (500 MHz, CDCl3): δ 7.58–7.48 (m, 4H, Ho), 7.36–7.29 (m, 4H, Hm), 4.44 (d, J = 6.1 
Hz, 2H, CH2OH), 3.45 (s, 1H, C≡CH), and 1.66 (t, J = 6.3 Hz, 1H, OH). 
13C NMR (126 MHz, CDCl3): δ 133.2, 133.1, 133.0, 132.7, 129.0 (x2), 128.9, 128.6, 125.7, 
125.5, 125.0, 124.8, 82.1, 82.0, 81.6, 81.2, 80.5, 78.0, 77.6, 77.4, 76.4, 70.5, and 60.5. 
IR (neat): 3340, 3289, 3059, 2930, 2860, 2249, 2213, 1474, 1356, 1190, 1084, 1013, 952, and 
833 cm-1. 




Bromoalkyne S8 was synthesized following general procedure B from pentayne S7 (164 mg, 0.54 
mmol), N-bromosuccinimide (NBS, 107 mg, 0.60 mmol), AgNO3 (9 mg, 0.054 mmol), and 
acetone (10 mL). Purification by flash chromatography (hexanes:EtOAc 3:1) afforded S8 (191 
mg, 0.50 mmol, 92%) as a brownish oil. 
1H NMR (500 MHz, CDCl3): δ 7.56–7.52 (m, 2H, Ho), 7.50 (nfom, 1H, H2 or H5), 7.46 (nfom, 
1H, H5 or H2), 7.35–7.30 (m, 4H, Hm), 4.44 (s, 2H, CH2OH), and 1.72 (br s, 1H, OH). 
13C NMR (126 MHz, CDCl3): δ 133.42, 133.38, 133.2, 132.7, 129.11, 129.08, 129.0, 128.5, 
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IR (neat): 3376, 3062, 2962, 2862, 2290, 2196, 1714, 1702, 1588, 1473, 1427, 1160, 1018, 957, 
and 832 cm-1. 





Hexayne S9 was synthesized following general procedure A from 1-ethynyl-4-methoxybenzene 
(132 mg, 1.0 mmol), bromoalkyne S8 (171 mg, 0.45 mmol), CuCl (5 mg, 0.050 mmol), n-
butylamine/H2O (v:v, 30:70, 5.0 mL), and DCM (5.0 mL). Purification by flash chromatography 
(hexanes:EtOAc 2:1) provided hexayne S9 (99 mg, 0.23 mmol, 51%) as a light brown oil. 
1H NMR (500 MHz, CDCl3): δ 7.58–7.48 (m, 4H, Ho), 7.50 (nfod, J = 8.9 Hz, 2H, Ho’), 7.35–
7.30 (m, 4H, Hm), 6.86 (nfod, J = 8.9 Hz, 2H, Hm’), 4.37 (d, J = 6.4 Hz, 2H, CH2OH), 3.82 (s, 3H, 
OCH3), and 1.62 (t, J = 6.5 Hz, 1H, OH). 
13C NMR (126 MHz, CDCl3): δ 160.6, 134.4, 133.4, 133.34, 133.32, 133.28, 129.10, 129.07, 
129.0, 128.8, 125.7, 125.6, 125.14, 125.13, 114.3, 113.6, 83.6, 82.3, 81.3, 80.9, 79.1, 78.7, 78.3, 
78.1, 77.6, 76.5, 73.1, 70.6, 55.5, and 51.8. 
IR (neat): 3351, 3059, 2933, 2838, 2209, 2140, 1699, 1602, 1509, 1474, 1440, 1292, 1027, and 
826 cm-1. 
HRMS (ESI-TOF): Calcd for C32H18NaO2+ [M+Na+] requires 457.1199; found 457.1192. 
______________________________________________________________________________ 
5-(2-((2-((4-Methoxyphenyl)buta-1,3-diyn-1-yl)phenyl)buta-1,3-diyn-1-yl)phenyl)penta-2,4-
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Hexayne S9 (87 mg, 0.20 mmol), 4-dimethylaminopyridine (DMAP, 2.4 mg, 0.021 mmol), and 
propiolic acid (19 uL, 0.31 mmol) were dissolved in anhydrous DCM (2.0 mL) and stirred at 0 ºC. 
N,N'-Dicyclohexylcarbodiimide (DCC*, 49 mg, 0.24 mmol) was added to the solution, after 
which the headspace of the reaction flask was purged with N2. The resulting brown suspension 
was warmed to room temperature and stirred for 16 h. The crude reaction mixture was filtered by 
passage through a short silica plug, the filtrate was concentrated, and the residue was purified by 
flash chromatography (hexanes:EtOAc 3:1) to give heptayne 17 (59 mg, 0.12 mmol, 60%) as a 
pale yellow solid. 
*CAUTION: DCC is an irritant and can lead to sensitization. Avoid any direct contact with the 
skin and inhalation.   
1H NMR (500 MHz, CDCl3): δ 7.59–7.49 (m, 4H, Ho), 7.50 (nfod, J = 8.9 Hz, 2H, Ho’), 7.37–
7.31 (m, 4H, Hm), 6.86 (nfod, J = 8.9 Hz, 2H, Hm’), 4.88 [s, 2H, CH2O(C=O)], 3.82 (s, 3H, 
OCH3), and 2.94 (s, 1H, C≡CH). 
13C NMR (126 MHz, CDCl3): δ 160.6, 151.8, 134.4, 133.51, 133.47, 133.4, 133.3, 129.4, 129.1, 
129.0, 128.8, 125.8, 125.7, 125.1, 124.7, 114.3, 113.7, 83.6, 81.4, 80.7, 79.1, 78.7, 78.5, 78.0, 
77.4, 77.1, 76.26+, 76.26-, 73.9, 73.1, 72.4, 55.5, and 54.2. 
IR (neat): 3282, 3065, 2934, 2839, 2242, 2209, 2122, 1721, 1602, 1509, 1474, 1292, 1252, 1208, 
1172, 1130, 964, and 873 cm-1. 
HRMS (ESI-TOF): Calcd for C35H18NaO3+ [M+Na+] requires 509.1148; found 509.1145. 



























Octayne 20 was synthesized following general procedure A from N,N-di(prop-2-yn-1-
yl)methanesulfonamide (171 mg, 1.0 mmol), bromoalkyne S4 (715 mg, 2.2 mmol), CuCl (20 mg, 
0.20 mmol), n-butylamine/H2O (v:v, 30:70, 5.0 mL), and DCM (5.0 mL). Purification by flash 
chromatography (hexanes:EtOAc 5:1) provided octayne 20 (352 mg, 0.53 mmol, 53%) as a white 
solid. 
1H NMR (500 MHz, CDCl3): δ 4.36 (s, 4H, CH2O), 4.24 (s, 4H, CH2N), 2.98 (s, 3H, CH3SO2), 
2.53 (br s, 8H, CH2CH2), 0.91[s, 18H, Si(CH3)2C(CH3)3], and 0.12 [s, 12H, Si(CH3)2C(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 78.6, 77.7, 75.6, 71.2, 69.6, 69.5, 66.4, 65.8, 52.2, 39.0, 37.6, 
25.9, 19.3, 19.2, 18.4, and -5.1. 
IR (neat): 2955, 2930, 2857, 2259, 1471, 1426, 1351, 1256, 1231, 1157, 1085, 1006, 964, 900, 
838, 815 and 779 cm-1.  
HRMS (ESI-TOF): Calcd for C37H49NNaO4SSi2+ [M+Na+] requires 682.2813; found 682.2789. 
Mp: 87–88 ºC.  
______________________________________________________________________________ 





































Triyne S10 was prepared following general procedure A from (bromoethynyl)benzene (754 mg, 
4.2 mmol), 1,2-diethynylbenzene (580 mg, 5.0 mmol), CuCl (25 mg, 0.25 mmol), n-
butylamine/H2O (v:v, 30:70, 25 mL), and DCM (25 mL). Purification by MPLC (hexanes:EtOAc 
25:1) provided triyne S10 (532 mg, 2.4 mmol, 56%) as a pale yellow solid. 
The spectral data of triyne S10 were consistent with reported values147. 
______________________________________________________________________________ 
Dimethyl 2,2-bis(5-(2-(phenylbuta-1,3-diyn-1-yl)phenyl)penta-2,4-diyn-1-yl)malonate (S11) 
 
Octayne S11 was prepared following general procedure A from 1-ethynyl-2-(phenylbuta-1,3-
diyn-1-yl)benzene (S10) (294 mg, 1.3 mmol), dimethyl 2,2-bis(3-bromoprop-2-yn-1-yl)malonate 
(220 mg, 0.60 mmol), CuCl (13 mg, 0.13 mmol), n-butylamine/H2O (v:v, 30:70, 5.0 mL), and 
DCM (5.0 mL). Purification by flash chromatography (hexanes:EtOAc 5:1) provided octayne S11 
(308 mg, 0.47 mmol, 78%) as a pale yellow solid.  
1H NMR (500 MHz, CDCl3): δ 7.55 (d, J = 7.3 Hz, 4H, H2’), 7.51 (d, J = 7.6 Hz, 2H, H3 or H6), 
7.48 (d, J = 7.6 Hz, 4H, H6 or H3), 7.38–7.27 (m, 10H, H4, H5, H3’, and H4’), 3.80 (s, 6H, 
CO2CH3), and 3.25 (s, 4H, C≡CCH2). 
                                                
147 Spence, J. D.; Lackie, M. L.; Clayton, N. A.; Toscano, S. A.; Farmer, M. A.; Popova, E.; Olmstead, M. 
M. Syntheses, Structure, and Reactivity of Acyclic Enetriyne and Enetetrayne Derivatives. Tetrahedron 
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13C NMR (126 MHz, CDCl3): δ 168.8, 133.4, 133.2, 132.7, 129.5, 128.90, 128.89, 128.6, 125.7, 
125.3, 121.8, 83.2, 79.6, 79.5, 78.2, 78.1, 74.11, 74.10, 68.7, 57.0, 53.6, and 24.6. 
IR (neat): 3061, 2955, 2926, 2855, 2244, 2215, 1742, 1478, 1442, 1335, 1304, 1289, 1210, 1068, 
1052, 950, 858, and 755 cm-1.  
HRMS (ESI-TOF): Calcd for C47H28NaO4+ [M+Na+] requires 679.1880; found 679.1844. 
Mp: 80–83 ºC.  
______________________________________________________________________________ 




Following general procedure A, ((2-ethynylphenyl)ethynyl)trimethylsilane148 (240 mg, 1.2 mmol), 
3-bromoprop-2-yn-1-ol (243 mg, 1.8 mmol), CuCl (12 mg, 0.12 mmol), n-butylamine/H2O (v:v, 
30:70, 6.0 mL), and DCM (6.0 mL) were used to prepare crude triyne S12-TMS (265 mg, ~1.0 
mmol), which was used directly in the subsequent step without flash chromatography. 
Bromoalkyne S12 was synthesized following general procedure B from crude S12-TMS (265 mg, 
~1.0 mmol), N-bromosuccinimide (NBS, 205 mg, 1.2 mmol), AgNO3 (17 mg, 0.10 mmol), and 
acetone (10 mL). Purification by flash chromatography (hexanes:EtOAc 4:1) afforded S12 (255 
                                                
148 Nobusue, S.; Mukai, Y.; Fukumoto, Y.; Umeda, R.; Tahara, K.; Sonoda, M.; Tobe, Y. Molecular 







































  317 
 
mg, 0.99 mmol, 82% over two steps, containing 3 wt% EtOAc based on integrations in 1H NMR 
spectrum, 80% corrected yield) as a light brown oil. 
1H NMR (500 MHz, CDCl3): δ 7.48 (nfodd, J = 7.6, 1.7 Hz, 1H, Ho or Ho’), 7.44 (nfodd, J = 7.6, 
1.5 Hz, 1H, Ho’ or Ho), 7.30 (nfoddd, J = 7.5, 7.5, 1.8 Hz, 1H, Hm or Hm’), 7.29 (nfoddd, J = 7.8, 
7.8, 1.7 Hz, 1H, Hm’ or Hm), 4.45 (s, 2H, CH2OH), and 1.75 (br s, 1H, OH). 
13C NMR (126 MHz, CDCl3): δ 133.2, 132.7, 129.1, 128.5, 126.5, 124.6, 81.8, 78.3, 76.9, 76.7, 
70.6, 54.9, and 51.9. 
IR (neat): 3343, 2925, 2855, 2239, 2196, 1478, 1443, 1356, 1275, 1260, 1182, 1083, 1016, and 
757 cm-1.  




Tetrayne S13 was prepared following general procedure A from bromoalkyne S12 (181 mg, 0.70 
mmol), 1-ethynyl-2-methoxybenzene (111 mg, 0.84 mmol), CuCl (7 mg, 0.070 mmol), n-
butylamine/H2O (v:v, 30:70, 3.5 mL), and DCM (3.5 mL). Purification by flash chromatography 
(hexanes:EtOAc 2.5:1) provided tetrayne S13 (165 mg, 0.53 mmol, 76%) as a pale yellow oil. 
1H NMR (500 MHz, CDCl3): δ 7.52 (d, J = 7.4 Hz, 1H, H6), 7.52 (dd, J = 7.6, 1.9 Hz, 1H, Ho or 
Ho’), 7.49 (dd, J = 7.6, 1.9 Hz, 1H, Ho’ or Ho), 7.35 (ddd, J = 8.4, 7.6, 1.7 Hz, 1H, H4), 7.32 (ddd, 
J = 7.5, 7.5 1.7 Hz, 1H, Hm or Hm’), 7.30 (ddd, J = 7.7, 7.7, 1.7 Hz, 1H, Hm’ or Hm), 6.93 (dd, J = 
7.6, 0.9 Hz, 1H, H5), 6.90 (br d, J = 8.3 Hz, 1H, H3), 4.45 (d, J = 3.7 Hz, 2H, CH2OH), 3.92 (s, 
3H, OCH3), and 1.68 (t, J = 3.9 Hz, 1H, CH2OH). 
13C NMR (126 MHz, CDCl3): δ 161.6, 134.7, 133.40, 133.39, 131.0, 129.1, 128.8, 125.9, 124.9, 
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IR (neat): 3355, 3006, 2931, 2837, 2211, 1594, 1573, 1492, 1478, 1463, 1434, 1277, 1258, 1250, 
1162, 1117, 1084, 1020, and 754 cm-1.  
HRMS (ESI-TOF): Calcd for C22H14NaO2+ [M+Na+] requires 333.0886; found 333.0889. 
______________________________________________________________________________ 
5-(2-((2-Methoxyphenyl)buta-1,3-diyn-1-yl)phenyl)penta-2,4-diyn-1-yl propiolate (S14) 
 
Tetrayne S13 (124 mg, 0.40 mmol), 4-dimethylaminopyridine (DMAP, 5.0 mg, 0.045 mmol), and 
propiolic acid (37 uL, 0.60 mmol) were dissolved in anhydrous DCM (5.0 mL) and stirred at 0 ºC. 
N,N'-Dicyclohexylcarbodiimide (DCC*, 90 mg, 0.44 mmol) was added to the solution, after 
which the headspace of the reaction flask was purged with N2. The resulting brown suspension 
was warmed to room temperature and stirred for 16 h. The crude reaction mixture was filtered by 
passing through a short silica plug, concentrated, and purified by flash chromatography 
(hexanes:EtOAc 2:1) to give pentayne S14 (135 mg, 0.37 mmol, 93%) as a yellowish oil. 
*CAUTION: DCC is an irritant and can lead to sensitization. Avoid any direct contact with the 
skin and inhalation.   
1H NMR (500 MHz, CDCl3): δ 7.52 (d, J = 7.9 Hz, 1H, H6), 7.52 (nfodd, J = 7.5, 1.7 Hz, 1H, Ho 
or Ho’), 7.50 (nfodd, J = 7.5, 1.7 Hz, 1H, Ho’ or Ho), 7.35 (dd, J = 8.0, 8.0 Hz, 1H, H4), 7.33 
(nfoddd, J = 7.6, 7.6, 1.8 Hz, 1H, Hm or Hm’), 7.31 (nfoddd, J = 7.6, 7.6, 1.6 Hz, 1H, Hm’ or Hm), 
6.93 (dd, J = 7.5, 7.5 Hz, 1H, H5), 6.90 (d, J = 8.4 Hz, 1H, H3), 4.96 (s, 2H, CH2O), 3.92 (s, 3H, 
OCH3), and 2.95 (s, 1H, C≡CH). 
13C NMR (126 MHz, CDCl3): δ 161.6, 151.8, 134.7, 133.6, 133.4, 131.0, 129.3, 128.8, 126.0, 
124.5, 120.7, 111.0, 110.8, 80.0, 79.8, 78.7, 77.8, 77.5, 76.3 (2x), 76.1, 73.9, 72.5, 56.0, and 54.2. 
IR (neat): 3284, 3012, 2945, 2838, 2241, 2212, 2122, 1721, 1594, 1493, 1479, 1463, 1434, 1367, 
1277, 1259, 1208, 1118, 1022, 961, and 754 cm-1.  
DCC, DMAP
DCM
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HRMS (ESI-TOF): Calcd for C25H14NaO3+ [M+Na+] requires 385.0835; found 385.0843. 
______________________________________________________________________________ 




Triyne S15 was synthesized following general procedure A from 1,2-diethynyl-4,5-
dimethoxybenzene (614 mg, 3.3 mmol), 1-(bromoethynyl)-4-methoxybenzene149 (633 mg, 3.0 
mmol), CuCl (33 mg, 0.33 mmol), n-butylamine/H2O (v:v, 30:70, 15 mL), and DCM (15 mL). 
Purification by flash chromatography (hexanes:EtOAc 5:1) provided triyne S15 (389 mg, 1.23 
mmol, 41%) as a pale yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.47 (nfod, J = 8.7 Hz, 2H, Ho), 6.97 (s, 1H, H2 or H5), 6.95 (s, 
1H, H5 or H2), 6.86 (nfod, J = 8.7 Hz, 2H, Hm), 3.89 (s, 3H, OCH3), 3.88 (s, 3H, OCH3), 3.82 (s, 
3H, OCH3), and 3.32 (s, 1H, C≡CH). 
13C NMR (126 MHz, CDCl3): δ 160.5, 149.7, 149.5, 134.3, 118.8, 118.2, 114.9, 114.9, 114.3, 
113.9, 82.8, 82.0, 80.4, 79.5, 76.8, 73.0, 56.2+, 56.2–, and 55.5. 
IR (neat): 3277, 2999, 2937, 2837, 2855, 2208, 2141, 1594, 1506, 1462, 1442, 1358, 1291, 1255, 
1220, 1190, 1174, 1119, 1032, 851, and 828 cm-1.  
                                                
149 Dateer, R. B.; Shaibu, B. S.; Liu, R. S. Gold-Catalyzed intermolecular [4+2] and [2+2+2] 
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HRMS (ESI-TOF): Calcd for C21H16NaO3+ [M+Na+] requires 339.0992; found 339.0980. 




Bromoalkyne S16 was synthesized following general procedure B from triyne S15 (300 mg, 0.95 
mmol), N-bromosuccinimide (NBS, 186 mg, 1.0 mmol), AgNO3 (16 mg, 0.094 mmol), and 
acetone (10 mL). Purification by flash chromatography (hexanes:EtOAc 4:1) afforded S16 (350 
mg, 0.89 mmol, 93%) as a light orange solid. 
1H NMR (500 MHz, CDCl3): δ 7.49 (nfod, J = 8.8 Hz, 2H, Ho), 6.95 (s, 1H, H2 or H5), 6.91 (s, 
1H, H5 or H2), 6.86 (nfod, J = 8.9 Hz, 2H, Hm), 3.883 (s, 3H, OCH3), 3.877 (s, 3H, OCH3), and 
3.83 (s, 3H, OCH3). 
13C NMR (126 MHz, CDCl3): δ 160.5, 149.7, 149.4, 134.3, 119.5, 118.1, 114.9, 114.8, 114.3, 
113.9, 82.8, 79.5, 78.6, 76.8, 73.1, 56.2+, 56.2-, 55.5, and 53.0. 
IR (neat): 3005, 2963, 2935, 2911, 2837, 2209, 2140, 1601, 1506, 1462, 1441, 1363, 1254, 1218, 
1132, 1016, 860, and 833 cm-1. 
HRMS (ESI-TOF): Calcd for C21H1579BrNaO3+ [M+Na+] requires 417.0097; found 417.0102. 
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Pentayne S17 was synthesized following general procedure A from N-ethynyl-4-methyl-N-(2-
((trimethylsilyl)ethynyl)phenyl)benzenesulfonamide150 (121 mg, 0.33 mmol), bromoalkyne S16 
(120 mg, 0.30 mmol), CuCl (1.6 mg, 0.017 mmol), n-butylamine/H2O (v:v, 30:70, 1.5 mL), and 
DCM (1.5 mL). Purification by flash chromatography (hexanes:EtOAc 3:1) provided triyne S17 
(122 mg, 0.18 mmol, 60%) as a yellow solid.  
1H NMR (500 MHz, CDCl3): δ 7.70 (nfod, J = 8.3 Hz, 2H, Ho’), 7.455 (nfom, 1H, H3’), 7.451 
(nfod, J = 8.8, 2H, Ho), 7.33–7.27 (nfom, 3H, H4’ , H5’ and H6’), 7.29 (nfod, J = 8.3 Hz, 2H, 
Hm’), 6.92 (s, 1H, H2 or H5), 6.88 (s, 1H, H5 or H2), 6.84 (nfod, J = 8.9 Hz, 2H, Hm), 3.86 (s, 3H, 
OCH3), 3.84 (s, 3H, OCH3), 3.80 (s, 3H, OCH3), 2.39 (s, 3H, ArCH3), and 0.20 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 160.4, 149.6, 149.5, 145.2, 138.3, 134.4, 134.2, 134.0, 129.9, 
129.2, 129.2, 129.1, 128.5, 122.6, 118.9, 118.4, 115.1, 115.0, 114.2, 113.8, 102.3, 99.4, 82.9, 80.3, 
79.5, 77.1, 76.9, 74.7, 73.3, 59.1, 56.1, 56.1, 55.4, 21.8, and -0.2. 
IR (neat): 3000, 2960, 2933, 2897, 2837, 2229, 2157, 1601, 1508, 1450, 1377, 1255, 1217, 1179, 
1124, 1022, and 853 cm-1. 
HRMS (ESI-TOF): Calcd for C41H35NNaO5SSi+ [M+Na+] requires 704.1897; found 704.1880. 
Mp: 70–72 ºC.  
______________________________________________________________________________ 
Synthesis of S20 
                                                
150 Laroche, C.; Li, J.; Freyer, M. W.; Kerwin, S. M. Coupling Reactions of Bromoalkynes with Imidazoles 






































Bromoalkyne S18 was synthesized following general procedure B from 1-ethynyl-2-(phenylbuta-
1,3-diyn-1-yl)benzene (S10) (339 mg, 1.5 mmol), N-bromosuccinimide (NBS, 294 mg, 1.6 
mmol), AgNO3 (26 mg, 0.15 mmol), and acetone (15 mL). Purification by flash chromatography 
(hexanes:EtOAc 20:1) afforded S18 (407 mg, 1.33 mmol, 89%) as a pale yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.56 (nfod, J = 8.0 Hz, 2H, H2), 7.52 (nfodd, J = 7.5, 1.6 Hz, 1H, 
Ho or Ho’), 7.47 (nfodd, J = 7.5, 1.6 Hz, 1H, Ho’ or Ho), 7.41–7.33 (m, 3H, H3 and H4), and 7.31 
(dd, J = 7.5, 7.5 Hz, 1H, Hm or Hm’), and 7.30 (dd, J = 7.5, 7.5, Hz, 1H, Hm or Hm’). 
13C NMR (126 MHz, CDCl3): δ 133.2, 132.8, 132.7, 129.5, 128.9, 128.6, 128.5, 126.3, 125.1, 
121.9, 82.9, 79.7, 78.5, 77.8, 74.1, and 54.9. 
IR (neat): 3060, 2215, 2196, 1594, 1491, 1476, 1442, 1176, 1098, 1027, 950, 915, and 754 cm-1.  
HRMS (ESI-TOF): Calcd for C18H979BrNa+ [M+Na+] requires 326.9780; found 326.9801. 
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Pentayne S19 was prepared following general procedure A from bromoalkyne S18 (336 mg, 1.1 
mmol), 1-(2-ethynylphenyl)-3-(trimethylsilyl)prop-2-yn-1-ol151 (228 mg, 1.0 mmol), CuCl (5.0 
mg, 0.050 mmol), n-butylamine/H2O (v:v, 30:70, 5.0 mL), and DCM (5.0 mL). Purification by 
flash chromatography (hexanes:EtOAc 8:1) provided tetrayne S19 (404 mg, 0.90 mmol, 90%) as 
a light orange solid. 
1H NMR (500 MHz, CDCl3): δ 7.74 (dd, J = 7.9, 1.2 Hz, 1H, Ho), 7.60–7.54 (m, 5H, remaining 
ortho-ArH), 7.43 (ddd, J = 7.6, 7.6, 1.3 Hz, 1H, Hm or Hm’), 7.40–7.31 (m, 6H, remaining meta 
and para-ArH), 5.89 (s, 1H, CHOH), 2.69 (br s, 1H, OH), and 0.23 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 143.5, 133.8, 133.3, 132.6, 129.9, 129.4, 129.4, 129.1, 128.9, 
128.5, 128.4, 127.0, 125.4, 125.2, 121.7, 120.3, 104.3, 91.9, 83.4, 81.0, 80.3, 79.5, 79.2, 78.4, 
78.0, 74.1, 63.4, and -0.1. 
IR (neat): 3405, 3060, 2961, 2213, 2174, 1475, 1442, 1275, 1250, 1037, 982, 846, and 755 cm-1.  
HRMS (ESI-TOF): Calcd for C32H24NaOSi+ [M+Na+] requires 475.1489; found 475.1464. 




                                                
151 Suffert, J.; Abraham, E.; Raeppel, S.; Brückner, R.; Synthesis of 5-/10-Membered Ring Analogues of 
The Dienediyne Core of Neocarzinostatine Chromophore by Palladium(0)-Mediated Ring-Closure 
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Activated manganese dioxide (1.1 g, ~15 equiv.) was added to a stirred solution of pentayne S19 
(342 mg, 0.76 mmol) in DCM (8.0 mL). After being stirred for 2 hours, the reaction mixture was 
filtered by passing through a Celite® plug, the filtrate was concentrated, and the residue was 
purified by flash chromatography (hexanes:EtOAc 10:1) to provide ketone S20 (331 mg, 0.74 
mmol, 97%) as a pale yellow solid. 
1H NMR (500 MHz, CDCl3): δ 8.12 (dd, J = 7.8, 1.3 Hz, 1H, Ho), 7.70 (d, J = 7.7, 1.2 Hz, 1H, 
Ho’), 7.58–7.53 (m, 5H, remaining ortho-H and Hm’), 7.48 (ddd, J = 7.7, 7.7, 1.3 Hz, 1H, Hm), 
7.37–7.31 (m, 5H, remaining meta-H), and 0.32 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 176.5, 139.0, 135.9, 133.43, 133.35, 132.72, 132.70, 131.9, 
129.4, 129.1, 129.0, 128.9, 128.5, 125.4, 125.3, 121.8, 121.7, 101.8, 101.5, 83.3, 81.7, 81.3, 80.1, 
79.6, 78.5, 78.4, 74.2, and -0.6. 
IR (neat): 3061, 2962, 2214, 2153, 1649, 1588, 1561, 1475, 1442, 1296, 1251, 1236, 1015, 847, 
and 754 cm-1.  
HRMS (ESI-TOF): Calcd for C32H22NaOSi+ [M+Na+] requires 473.1332; found 473.1342. 
Mp: 120–126 ºC (with decomposition beginning at ca. 108 ºC).  
______________________________________________________________________________ 








































Pentayne S21 was synthesized following general procedure A from 1-(2-ethynylphenyl)-3-
(trimethylsilyl)prop-2-yn-1-ol151 (205 mg, 0.90 mmol), bromoalkyne S16 (316 mg, 0.80 mmol), 
CuCl (5.0 mg, 0.050 mmol), n-butylamine/H2O (v:v, 30:70, 5.0 mL), and DCM (5.0 mL). 
Purification by flash chromatography (hexanes:EtOAc 4:1 to 2:1) provided pentayne S21 (298 
mg, 0.55 mmol, 69%) as an orange oil. 
1H NMR (500 MHz, CDCl3): δ 7.73 (br d, J = 7.8 Hz, 1H, H3’), 7.57 (dd, J = 7.5, 1.3 Hz, 1H, 
H6’), 7.49 (nfod, J = 8.9 Hz, 2H, Ho), 7.42 (ddd, J = 7.7, 7.7, 1.3 Hz, 1H, H4’ or H5’), 7.31 (ddd, 
J = 7.7, 7.7, 1.3 Hz, 1H, H5’ or H4’), 6.98 (s, 1H, H2 or H5), 6.97 (s, 1H, H5 or H2), 6.85 (nfod, 
J = 8.9 Hz, 2H, Hm), 5.89 (br s, 1H, CHOH), 3.901 (s, 3H, OCH3), 3.895 (s, 3H, OCH3), 3.82 (s, 
3H, OCH3), 2.54 (br s, 1H, CHOH), and 0.20 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 160.5, 150.0, 149.7, 143.5, 134.3, 133.8, 129.8, 128.5, 127.2, 
120.6, 119.0, 118.2, 115.12, 115.10, 114.3, 113.9, 104.2, 92.0, 83.3, 81.5, 79.9, 79.5, 79.3, 77.5, 
76.7, 73.1, 63.5, 56.2 (x2), 55.5, and -0.0. 
IR (neat): 3495, 3005, 2961, 2837, 2209, 2172, 2144, 1602, 1506, 1463, 1442, 1378, 1290, 1252, 
1218, 1140, 1031, 1052, 844, and 760 cm-1. 
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Activated manganese dioxide (0.5 g, ~10 equiv.) was added to a stirred solution of pentayne S21 
(271 mg, 0.50 mmol) in DCM (5.0 mL). After stirring for 5 hours, the reaction mixture was 
filtered by passing through a Celite® plug. The filtrate was concentrated to provide ketone S22 
(270 mg, 0.50 mmol, quantitative) as a yellow solid, sufficiently pure for characterization and 
further use. 
1H NMR (500 MHz, CDCl3): δ 8.11 (dd, J = 7.9, 1.1 Hz, 1H, H6’), 7.68 (dd, J = 7.8, 1.0 Hz, 1H, 
H3’), 7.52 (ddd, J = 7.5, 7.5, 1.3 Hz, 1H, H4’ or H5’), 7.48 (nfod, J = 8.8 Hz, 2H, Ho), 7.46 (ddd, 
J = 7.7, 7.7, 1.2 Hz, 1H, H5’ or H4’), 6.98 (s, 1H, H2 or H5), 6.96 (s, 1H, H5 or H2), 6.84 (nfod, 
J = 8.7 Hz, 2H, Hm), 3.89+ (s, 3H, OCH3), 3.89– (s, 3H, OCH3), 3.81 (s, 3H, OCH3), and 0.31 [s, 
9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 176.5, 160.5, 150.0, 149.7, 139.0, 135.8, 134.3, 132.7, 131.9, 
128.8, 121.9, 118.9, 118.4, 115.3, 115.1, 114.2, 113.9, 101.7, 101.5, 83.2, 82.2, 80.9, 80.4, 79.3, 
77.5, 77.3, 73.2, 56.2 (x2), 55.4, and -0.6. 
IR (neat): 3003, 2957, 2934, 2905, 2835, 2203, 2151, 1648, 1598, 1508, 1377, 1249, 1220, 1019, 
and 847 cm-1. 
HRMS (ESI-TOF): Calcd for C35H28NaO4Si+ [M+Na+] requires 563.1649; found 563.1643. 
Mp: 145–146 ºC.  
______________________________________________________________________________ 



























Following general procedure A, ((2-ethynylphenyl)ethynyl)trimethylsilane148 (0.99 g, 5.0 mmol), 
1-(bromoethynyl)-4-chlorobenzene152 (1.10 g, 5.1 mmol), CuCl (25 mg, 0.25 mmol), n-
butylamine/H2O (v:v, 30:70, 25 mL), and DCM (25 mL) were used to prepare crude triyne S23-
TMS (1.60 g, ~4.8 mmol), which was used directly in the subsequent step without purification 
due to solubility issues. 
To a stirred solution of the crude S23-TMS (1.60 g, ~4.8 mmol) and N-bromosuccinimide (NBS, 
1.78 g, 10 mmol) in acetone (50 mL) and DCM (50 mL), AgNO3 (85 mg, 0.50 mmol) was added 
                                                
152 Lehnherr, D.; Alzola, J. M.; Lobkovsky, E. B.; Dichtel, W. R. Regioselective Synthesis of 
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under N2. After stirring for 24 h, the reaction mixture was filtered through a short silica plug, 
eluted with DCM, and concentrated. Purification by flash chromatography (hexanes:EtOAc 9:1) 
afforded S23 (1.30 g, 3.83 mmol, 77% over two steps), which contained a trace (less than 1%) of 
coeluting S23-TMS based on integrations in 1H NMR spectrum (76% corrected yield) as a pale 
yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.53–7.43 (m, 4H, Ho), and 7.34–7.28 (m, 4H, Hm). 
13C NMR (126 MHz, CDCl3): δ 135.6, 133.9, 133.2, 132.8, 129.1, 129.0, 128.5, 126.4, 124.9, 
120.4, 81.7, 80.3, 78.4, 77.5, 75.1, and 55.0. 
IR (neat): 3060, 2955, 2239, 2196, 2154, 1590, 1490, 1475, 1461, 1397, 1092, 1014, 950, 859, 
and 820 cm-1. 
HRMS (ESI-TOF): Calcd for C18H879Br35ClAg+ [M+Ag+] requires 444.8543; found 444.8554. 





Following general procedure A, 1,4-bis(2-ethynylphenyl)buta-1,3-diyne (S6) (875 mg, 3.5 mmol), 
bromoalkyne S23 (1.02 g, 3.0 mmol), CuCl (15 mg, 0.15 mmol), n-butylamine/H2O (v:v, 30:70, 
15 mL), and DCM (15 mL) were used. Purification by flash chromatography (hexanes:EtOAc 8:1) 
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1H NMR (500 MHz, CDCl3): δ 7.59–7.52 (m, 5H, Ho and H3), 7.48 (dd, J = 2.0, 6.7 Hz, 1H, H6), 
7.44 (nfod, J = 8.6 Hz, 2H, Ho’), 7.37–7.31 (m, 4H, Hm), 7.29 (m, 2H, H4 and H5), 7.27 (nfod, J 
= 8.6 Hz, 2H, Hm’), and 3.39 (s, 1H, ºCH). 
13C NMR (126 MHz, CDCl3): δ 135.6, 133.9, 133.54, 133.46, 133.4 (x2), 133.1, 132.7, 129.11 
(x2), 129.08, 129.05, 129.01, 128.9, 128.6, 125.9, 125.51, 125.46, 125.44, 125.36, 125.0, 120.3, 
82.1 (x2), 81.6, 81.5, 81.2, 81.1, 80.8, 80.1, 78.4, 78.3, 78.2, 77.8, 77.4, and 75.1. 
IR (neat): 3288, 3056, 2925, 2855, 2212, 1505, 1488, 1472, 1438, 1205, 1088, 1012, 949, 834, 
822 and 809 cm-1.  
HRMS (ESI-TOF): Calcd for C38H17ClNa+ [M+Na+] requires 531.0911; found 531.0917. 





To a stirred solution of heptayne S24 (575 mg, 1.1 mmol) and N-bromosuccinimide (NBS, 402 
mg, 2.3 mmol) in acetone (11 mL) and DCM (11 mL), AgNO3 (19 mg, 0.11 mmol) was added 
under N2. After stirring for 4 h, the reaction mixture was filtered by passing through a short silica 
plug, which was then washed with DCM. The filtrate was concentrated and the residue purified 
by flash chromatography (hexanes:EtOAc 10:1) to afford bromoalkyne S25 (544 mg, 0.93 mmol, 
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1H NMR (500 MHz, CDCl3): δ 7.60–7.55 (m, 3H, Ho), 7.54 (m, 1H, Ho), 7.51 (dd, J = 6.9, 2.1 
Hz, 1H, H3), 7.44 (nfod, J = 8.5 Hz, 2H, Ho’), 7.42 (dd, J = 6.6, 2.2 Hz, 1H, H6), 7.37–7.32 (m, 
4H, Hm), 7.28 (m, 2H, H4 and H5), and 7.26 (nfod, J = 8.6 Hz, 2H, Hm’). 
13C NMR (126 MHz, CDCl3): δ 135.6, 133.9, 133.53, 133.50, 133.46, 133.4, 133.2, 132.5, 
129.11, 129.09, 129.07, 129.05, 129.0, 128.9, 128.4, 126.5, 125.47+, 125.47-, 125.4, 125.3, 125.0, 
120.3, 82.1, 81.4, 81.2, 81.1, 80.8, 80.1, 78.43, 78.37, 78.36, 78.3, 78.2, 77.8, 75.1, and 55.4. 
IR (neat): 3062, 2969, 2931, 2215, 2198, 1589, 1490, 1473, 1444, 1400, 1264, 1095, 1010, 950, 
830, and 755 cm-1.  





Nonayne S26 was synthesized following general procedure A from 1-(2-ethynylphenyl)-3-
(trimethylsilyl)prop-2-yn-1-ol151 (228 mg, 1.0 mmol), bromoalkyne S25 (470 mg, 0.80 mmol), 
CuCl (5 mg, 0.05 mmol), n-butylamine/H2O (v:v, 30:70, 5.0 mL), and DCM (5.0 mL). 
Purification by flash chromatography (hexanes:EtOAc 5:1) gave nonayne S26 (426 mg, 0.58 
mmol, 73%) as a brown viscous oil. 
1H NMR (500 MHz, CDCl3): δ 7.71 (d, J = 7.9 Hz, 1H, H3), 7.61–7.49 (m, 7H, Ho), 7.42 (nfod, J 
= 8.6 Hz, 2H, Ho’), 7.40 (t, J = 7.7 Hz, 1H, Hm), 7.36–7.26 (m, 7H, Hm), 7.25 (nfod, J = 8.4 Hz, 
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13C NMR (126 MHz, CDCl3): δ 143.5, 135.5, 133.89, 133.86, 133.57, 133.54, 133.50, 133.4, 
133.33, 133.27, 129.9, 129.11, 129.07, 129.03, 129.02, 129.01, 128.9, 128.5 (x2), 127.1, 125.5, 
125.41 (x2), 125.35, 125.34, 125.31, 120.5, 120.3, 104.2, 92.1, 82.1, 81.20, 81.19, 81.18, 81.0, 
80.4, 80.1, 79.3, 78.45, 78.41, 78.39, 78.35, 78.2, 78.1, 77.4, 75.2, 63.5, and -0.03. 
IR (neat): 3483, 3067, 2966, 2212, 2174, 1650, 1560, 1541, 1476, 1252, 1095, 1039, 1016, 981, 
and 821 cm-1.  





To a stirred solution of nonayne S26 (351 mg, 0.48 mmol) in DCM (5.0 mL), activated 
manganese dioxide (1.0 g, ~20 equiv.) was added. After stirring for 4 hours, the reaction mixture 
was filtered by passing through a Celite® plug and concentrated. Purification of the residue by 
flash chromatography (hexanes:EtOAc 4:1) provided ketone 29 (279 mg, 0.38 mmol, 79%) as a 
green solid. 
1H NMR (500 MHz, CDCl3): δ 8.07 (d, J = 7.7 Hz, 1H, H6), 7.68 (d, J = 7.7 Hz, 1H, H3), 7.60 
(nfodd, J = 6.6, 2.6 Hz, 1H, Ho), 7.56 (nfodd, J = 6.4, 2.7 Hz, 1H, Ho), 7.54–7.47 (m, 5H, Ho and 
H4), 7.44 (dd, J = 7.8, 7.8 Hz, 1H, H5), 7.42 (nfod, J = 8.4 Hz, 1H, Ho’), 7.37–7.27 (m, 6H, Hm), 
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13C NMR (126 MHz, CDCl3): δ 176.4, 138.8, 136.0, 135.5, 133.8, 133.6, 133.5 (x2), 133.39, 
133.38, 133.2, 132.7 (x2), 131.8, 129.1, 129.03, 129.02 (x2), 128.98, 128.90, 128.89, 125.5, 
125.40, 125.36, 125.32, 125.31, 125.27, 121.7, 120.3, 101.8, 101.5, 82.0, 81.7, 81.4, 81.25, 81.20, 
81.17, 81.15, 80.2, 80.1, 78.7, 78.40, 78.36, 78.35, 78.1, 77.4, 75.2, and -0.5. 
IR (neat): 3065, 2963, 2855, 2212, 2151, 1653, 1639, 1560, 1476, 1240, 1095, 1016, 955, 827, 
and 798 cm-1. 
HRMS (ESI-TOF): Calcd for C52H2935ClNaOSi+ [M+Na+] requires 755.1568; found 755.1577. 
Mp: 76–82 ºC (with decomposition > 70 ºC).  





Naphthalene 12 was obtained following general procedure C from pentayne 9 (17 mg, 0.068 
mmol), 2,5-dimethylfuran (86 uL, 0.8 mmol), and CHCl3 (3.4 mL). Purification by MPLC 
(hexanes:EtOAc, 1.5:1) afforded naphthalene 12 (20 mg, 0.058 mmol, 85%) as a pale yellow 
viscous oil that turned into an amorphous solid upon storage at ca. -20 °C. 
1H NMR (500 MHz, CDCl3): δ 7.80 (s, 1H, ArH), 6.78 (d, J = 5.2 Hz, 1H, alkene H-a), 6.76 (d, J 
= 5.3 Hz, 1H, alkene H-b), 5.68 [d, J = 15.4 Hz, 1H, CHaHbO(C=O)], 5.60 [d, J = 15.3 Hz, 1H, 
CHaHbO(C=O)], 3.54–3.28 (m, 4H, ArCH2CH2Ar), 3.02 (very br s, 1H, CHaHbCH2CH3), 2.75 
(very br s, 1H, CHaHbCH2CH3), 2.11 [s, 3H, bridgehead CH3-a], 2.02 [s, 3H, bridgehead CH3-b], 
1.59 (very br s, 1H, CH2CHaHbCH3), 1.47 (very br s, 1H, CH2CHaHbCH3), and 1.09 (t, J = 7.3 Hz, 
3H, CH2CH2CH3). 
13C NMR (126 MHz, CDCl3): δ 172.0, 149.9, 147.9, 146.2, 145.8, 144.8, 143.5, 142.1, 133.7, 
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IR (neat): 3006, 2975, 2937, 2879, 1755, 1453, 1387, 1360, 1279, 1260, 1148, 1086, 1029, 862, 
and 752 cm-1. 





Anthracene 15 was obtained following general procedure C from heptayne 13 (21 mg, 0.049 
mmol), furan (18 uL, 0.25 mmol), and ortho-dichlorobenzene (2.5 mL). Purification by MPLC 
(hexanes:EtOAc, 1.5:1) afforded the anthracene derivative 15 (21 mg, 0.042 mmol, 86%) as a 
pale yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.38 (s, 1H, ArH), 6.96 (dd, J = 5.5, 1.6 Hz, 1H, AlkeneHa), 6.95 
(dd, J = 5.5, 1.6 Hz, 1H, AlkeneHb), 6.18 (br s, 1H, bridgehead CHa), 5.83 (br s, 1H, bridgehead 
CHb), 5.521 (d, J = 16.6 Hz, 1H, (C=O)OCHaHb), 5.518 (d, J = 16.6 Hz, 1H, (C=O)OCHbHa), 
5.25 (d, J = 12.6 Hz, 1H, TBSOCHaHb), 5.18 (d, J = 12.6 Hz, 1H, TBSOCHbHa), 3.86 (br t, J = 
5.8 Hz, 2H, H5), 3.50–3.40 (m, 5H, H6, H12, and H13a), 3.37–3.28 (nfom, 1H, H13b), 0.96 [s, 9H, 
SiC(CH3)3], 0.21 [s, 3H, Si(CH3)a(CH3)b], and 0.17 [s, 3H, Si(CH3)b(CH3)a]. 
13C NMR (126 MHz, CDCl3): δ 172.3, 149.5, 145.6, 143.7, 142.6, 141.0, 140.6, 140.1, 139.8, 
138.6, 135.9, 135.0, 125.9 (x2), 124.0, 119.8, 111.4, 81.4, 80.0, 69.9, 61.9, 32.5, 30.8, 30.5, 28.4, 
26.2, 18.6, -4.8, and -4.9. 
IR (neat): 2952, 2928, 2855, 1754, 1455, 1392, 1337, 1280, 1258, 1110, 1083, 1015, 870, 832, 
and 776 cm-1. 
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Anthracene 16 was obtained following general procedure C from heptayne 13 (64 mg, 0.15 
mmol), diethyl furan-3,4-dicarboxylate (139 uL, 0.75 mmol), and CHCl3 (7.5 mL). Purification 
by MPLC (hexanes:EtOAc, 1.2:1) afforded the anthracene derivative 16 (59 mg, 0.092 mmol, 
61%) as a yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.32 (br t, J = 1.5 Hz, 1H, ArH), 6.38 (br s, 1H, bridgehead CHa), 
6.04 (br s, 1H, bridgehead CHb), 5.30 (d, J = 15.8 Hz, 1H, (C=O)OCHaHb), 5.26 (d, J = 15.8 Hz, 
1H, (C=O)OCHbHa), 5.20 (d, J = 12.1 Hz, 1H, TBSOCHaHb), 5.17 (d, J = 12.1 Hz, 1H, 
TBSOCHbHa), 4.30 (q, J = 7.1 Hz, 2H, OCH2-aCH3), 4.29 (q, J = 7.0 Hz, 2H, OCH2-bCH3), 4.16–
4.09 (nfom, 1H, H13a), 3.73–3.64 (nfom, 1H, H13b), 3.47–3.22 (m, 6H, H5, H6, and H12), 1.36 (t, 
J = 7.2 Hz, 3H, OCH2CH3-a), 1.35 (t, J = 7.1 Hz, 3H, OCH2CH3-b), 0.95 [s, 9H, SiC(CH3)3], 0.27 
[s, 3H, Si(CH3)a(CH3)b], and 0.13 [s, 3H, Si(CH3)b(CH3)a]. 
13C NMR (126 MHz, CDCl3): δ 172.0, 162.8, 162.2, 149.6, 149.0, 147.7, 143.5, 142.7, 142.6, 
140.6, 140.1, 139.2, 139.0, 131.5, 127.4, 126.2, 124.1, 119.7, 111.6, 83.4, 83.1, 69.6, 61.80, 61.76, 
60.7, 32.0, 30.6, 30.4, 28.6, 26.1, 18.5, 14.30, 14.27, -4.78, and -4.85. 
IR (neat): 2954, 2930, 2857, 1756, 1704, 1633, 1455, 1370, 1288, 1255, 1207, 1175, 1104, 1060, 
1046, 1017, 838, and 776 cm-1. 
HRMS (ESI-TOF): Calcd for C37H40NaO8Si+ [M+Na+] requires 663.2385; found 663.2402.  




























The rubicene-lactone 19 was obtained following general procedure C from heptayne 17 (19 mg, 
0.039 mmol), furan (58 uL, 0.80 mmol), and CHCl3 (8.0 mL). Purification by flash 
chromatography (hexanes:EtOAc, 2:1 to 1:1) afforded the rubicene derivative 19 (11 mg, 0.020 
mmol, 51%) as a red solid. 
1H NMR (500 MHz, CDCl3): δ 8.10 (s, 1H, H12), 7.96–7.94 (nfom, 1H, H5), 7.94–7.92 (nfom, 
1H, H8), 7.78 (d, J = 7.4 Hz, 1H, H13), 7.52–7.47 (m, 2H, H6 and H7), 7.23 (dd, J = 8.4, 2.2 Hz, 
1H, H2’a), 7.20 (dd, J = 8.5, 2.3 Hz, 1H, H2’b), 7.19 (dd, J = 7.2, 7.2 Hz, 1H, H14), 7.16 (dd, J = 
5.5, 1.7 Hz, 1H, H3), 7.12 (dd, J = 5.5, 1.7 Hz, 1H, H2), 7.08 (dd, J = 8.4, 2.6 Hz, 1H, H3’a), 6.95 
(dd, J = 8.4, 2.5 Hz, 1H, H3’b), 6.80 (ddd, J = 8.1, 8.1, 0.8 Hz, 1H, H15), 6.46 (d, J = 1.6 Hz, 1H, 
H4), 5.97+ (d, J = 15.6 Hz, 1H, OCHaHb), 5.97- (d, J = 15.6 Hz, 1H, OCHaHb), 5.84 (d, J = 8.0 Hz, 
1H, H16), 5.76 (d, J = 1.6 Hz, 1H, H1), and 3.92 (s, 3H, OCH3). 
13C NMR (126 MHz, CDCl3): δ 171.7, 160.0, 154.7, 151.8, 148.7, 145.6, 141.9, 140.5, 140.4, 
139.0, 138.5, 138.0, 137.5, 137.1, 132.3, 132.2, 130.8, 128.3, 128.0, 127.9, 127.4, 127.2, 126.5, 
123.2, 122.7, 120.7, 120.0, 115.0, 114.8, 113.7, 113.2, 81.5, 80.5, 73.4, and 55.8. A high-quality 
1D 13C NMR spectrum not attainable because of limited solubility. The listed values are from the 
1D spectrum, supplemented by additional resonances discerned from the HSQC & HMBC 2D 
spectra. 
IR (neat): 2955, 2922, 2852, 1753, 1645, 1605, 1510, 1468, 1440, 1249, 1175, 1032, 874, 768, 
and 756 cm-1. 
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Isoindoline 21 was synthesized following general procedure C by heating octayne 20 (53 mg, 
0.080 mmol) in furan (2.0 mL). Purification by MPLC (hexanes:EtOAc, 2:1) afforded the 
isoindoline derivative 21 (46 mg, 0.063 mmol, 79%) as a white solid. 
1H NMR (500 MHz, CDCl3): δ 7.18 (dd, J = 5.6, 1.9 Hz, 1H, alkeneH), 6.98 (dd, J = 5.6, 1.9 Hz, 
1H, alkeneH’), 5.84 (dd, J = 1.8, 0.5 Hz, 1H, bridgehead-H), 5.67 (dd, J = 1.8, 0.6 Hz, 1H, 
bridgehead-H’), 4.74 (dt, J = 13.3, 1.7 Hz, 1H, H1a), 4.64 (br t, J = 1.7 Hz, 2H, H3), 4.62 (dt, J = 
13.3, 1.7 Hz, 1H, H1b), 4.36 (s, 2H, ≡CCH2O), 4.34 (s, 2H, ≡C’CH2O), 3.09 (dt, J = 13.0, 6.1 Hz, 
1H, ArCHaHbCH2C≡), 3.09 (ddd, J = 13.3, 8.4, 6.2 Hz, 1H, ArCHaHbCH2C≡), 2.88 (s, 3H, 
SO2CH3), 2.72–2.65 (m, 2H, ArCH2CH2C≡), 2.67 (t, J = 6.6 Hz, 2H, ≡CCH2CH2C’≡), 2.57 (t, J = 
6.7 Hz, 2H, ≡CCH2CH2C’≡), 0.90 [s, 9H, SiC(CH3)3], 0.89 [s, 9H, SiC(CH3)3], 0.11 [s, 6H, 
Si(CH3)2], and 0.10 [s, 6H, Si(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 148.6, 144.2, 143.0, 141.4, 138.0, 133.6, 127.0, 114.8, 96.2, 81.3, 
81.1, 80.0, 78.4, 77.3, 75.4, 75.2, 69.8, 69.6, 66.2, 65.8, 54.0, 52.5, 52.20, 52.18, 35.1, 30.0, 25.89, 
25.87, 20.1, 19.8, 19.5, 18.38, 18.36, and -5.1 (x2). 
IR (neat): 3019, 2954, 2929, 2893, 2857, 2255, 1471, 1463, 1365, 1321, 1256, 1146, 1086, 964, 
838, 778, and 758 cm-1. 
HRMS (ESI-TOF): Calcd for C41H53NNaO5SSi2+ [M+Na+] requires 750.3075; found 750.3085.  


























Naphthalene 22 was synthesized following general procedure C from octayne 20 (53 mg, 0.080 
mmol), furan (17 uL, 0.24 mmol), and CHCl3 (8.0 mL). Purification by MPLC (hexanes:EtOAc, 
2:1) afforded the naphthalene derivative 22 (50 mg, 0.069 mmol, 86%) as a white solid. 
1H NMR (500 MHz, CDCl3): δ 6.99 (dd, J = 5.6, 1.5 Hz, 1H, alkeneH), 6.98 (dd, J = 5.6, 1.5 Hz, 
1H, alkeneH’), 6.02 (d, J = 1.3 Hz, 1H, bridgehead-H), 5.83 (d, J = 1.3 Hz, 1H, bridgehead-H’), 
5.22 (br t, J = 2.5 Hz, 2H, MsNCH2), 4.92 (d, J = 12.1 Hz, 1H, ArCHaHbO), 4.89 (d, J = 12.1 Hz, 
1H, ArCHaHbO), 4.81 (br t, J = 2.6 Hz, 2H, MsNCH2’), 4.39 (s, 2H, ≡CCH2O), 3.40–3.18 (m, 4H, 
ArCH2CH2Ar’), 2.87 (s, 3H, SO2CH3), 2.75 (t, J = 7.1 Hz, 2H, ≡CCH2CH2C’≡), 2.65 (t, J = 7.2 
Hz, 2H, ≡CCH2CH2C’≡), 0.95 [s, 9H, SiC(CH3)3], 0.92 [s, 9H, SiC(CH3)3], 0.20 [s, 3H, 
Si(CH3)a(CH3)b], 0.16 [s, 3H, Si(CH3)a(CH3)b], and 0.14 [s, 6H, Si(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 149.6, 148.0, 141.6, 141.5, 139.0, 138.1, 136.9, 136.6, 128.1, 
124.7, 124.1, 110.9, 95.1, 81.2, 80.5, 78.6, 77.6, 75.2, 69.7, 66.1, 60.9, 55.3, 54.0, 52.2, 34.5, 30.5, 
28.0, 26.1, 25.9, 20.0, 19.6, 18.43, 18.38, -4.9, -5.0, and -5.1 (x2). 
IR (neat): 3015, 2953, 2929, 2886, 2856, 2259, 1471, 1463, 1361, 1339, 1255, 1155, 1081, 960, 
874, 839, 779, and 757 cm-1. 
HRMS (ESI-TOF): Calcd for C41H53NNaO5SSi2+ [M+Na+] requires 750.3075; found 750.3093.  

























Fluoranthene 25a was obtained following general procedure C from octayne S11 (26 mg, 0.040 
mmol), furan (14 uL, 0.19 mmol), and CHCl3 (2.0 mL). Purification by flash chromatography 
(hexanes:EtOAc, 2:1) afforded fluoranthene 25a (26 mg, 0.036 mmol, 90%) as a yellow solid. 
Alternatively, fluoranthene 25a was obtained by a photochemical HDDA procedure. Pentayne 
S11 (26 mg, 0.040 mmol), furan (14 uL, 0.19 mmol), and CHCl3 (2.0 mL) was added to a quartz 
tube and irradiated at 300 nm for 1 h at room temperature. Purification by flash chromatography 
(hexanes:EtOAc, 2:1) afforded fluoranthene 25a (20 mg, 0.027 mmol, 67%) as a yellow solid. 
1H NMR (500 MHz, CDCl3): δ 8.78 (br d, J = 7.6 Hz, 1H, H10), 7.86 (br d, J = 7.5 Hz, 1H, H13), 
7.72 (dd, J = 7.8, 1.0 Hz, 1H, H2’ or H5’), 7.64 (dd, J = 7.7, 1.0 Hz, 1H, H5’ or H2’), 7.56–7.29 
(m, 13H, ArH), 7.24–7.21 (nfom, 1H, B-PhHpara), 7.06 (dd, J = 5.5, 1.8 Hz, 1H, H2), 6.99 (dd, J 
= 5.5, 1.9 Hz, 1H, H3), 6.36 (dd, J = 1.8, 0.7 Hz, 1H, H1), 5.48 (dd, J = 1.9, 0.7 Hz, 1H, H4), 
3.93 (d, J = 17.0 Hz, 1H, H8a), 3.92 (d, J = 17.0 Hz, 1H, H8b), 3.64 (s, 3H, OCH3), 3.60 (s, 3H, 
OCH3), 3.21 (d, J = 17.3 Hz, 1H, H6a), and 3.04 (d, J = 17.2 Hz, 1H, H6b). 
13C NMR (126 MHz, CDCl3): δ 172.14, 172.08, 147.5, 143.2, 142.5, 141.1, 139.8, 139.6, 138.7, 
137.5, 137.4, 136.2, 133.6, 132.9, 132.7, 131.9, 130.9, 130.0, 129.5, 129.4, 129.1, 128.64, 128.58, 
128.55, 128.47, 128.46, 128.3, 127.8, 127.5, 126.6, 124.6, 124.2, 123.8, 122.4, 121.9, 113.3, 97.1, 
90.9, 83.5, 81.1, 80.7, 80.3, 78.4, 74.3, 60.0, 52.99, 52.97, 41.6, and 40.4.  
IR (neat): 3056, 3018, 2951, 2843, 2214, 1735, 1481, 1442, 1433, 1257, 1200, 1163, 1072, 872, 
830, and 754 cm-1. 
HRMS (ESI-TOF): Calcd for C51H32NaO5+ [M+Na+] requires 747.2142; found 747.2153.  




































c]furan-8(1H)-one (25b) and (±)-(1S,4R,5R)-5-(2-Methoxyphenyl)-4,6-dihydro-1,4-
epoxybenzo[1,2]aceanthryleno[4,5-c]furan-8(1H)-one (25b’) 
 
Fluoranthenes 25b and 25b’ were obtained following general procedure C from pentayne S14 (20 
mg, 0.055 mmol), furan (20 uL, 0.28 mmol), and CHCl3 (2.8 mL). Purification by flash column 
chromatography (hexanes:EtOAc:DCM, 3:1:1) afforded the fluoranthenes as a 1.2:1 coeluting 
mixture (21 mg, 0.050 mmol, 90%, a pale yellow solid containing 4wt% DCM based on the 1H 
NMR spectrum, 86% corrected yield). 
Major isomer 
1H NMR (500 MHz, CDCl3): δ 8.22 (s, 1H, H9), 7.93 (d, J = 7.1 Hz, 1H, H10 or H13), 7.89 (d, J 
= 7.0 Hz, 1H, H13 or H10), 7.55 (dd, J = 8.2, 8.2 Hz, 1H, H4’), 7.47–7.43 (m, 2H, H11 and H12), 
7.35 (d, J = 7.3 Hz, 1H, H6’), 7.17 (dd, J = 7.2, 7.2 Hz, 1H, H5’), 7.15–7.09 (m, 2H, H2 and H3’), 
7.00 (d, J = 5.4 Hz, 1H, H3), 6.38 (s, 1H, H1), 5.54 (s, 1H, H4), 4.88 (d, J = 16.8 Hz, 1H, 
OCHaHb), 4.66 (d, J = 16.8 Hz, 1H, OCHaHb), and 3.74 (s, 3H, OCH3). 
Minor isomer 
1H NMR (500 MHz, CDCl3): δ 8.22 (s, 1H, H9), 7.93 (d, J = 7.1 Hz, 1H, H10 or H13), 7.89 (d, J 
= 7.0 Hz, 1H, H13 or H10), 7.55 (dd, J = 8.2, 8.2 Hz, 1H, H4’), 7.47–7.43 (m, 2H, H11 and H12), 
7.15–7.09 (m, 3H, H2, H5’, and H6’), 7.07 (d, J = 7.1 Hz, 1H, H3’), 7.04 (d, J = 5.5 Hz, 1H, H3), 
6.38 (s, 1H, H1), 5.51 (s, 1H, H4), 4.86 (d, J = 16.8 Hz, 1H, OCHaHb), 4.69 (d, J = 16.8 Hz, 1H, 
OCHaHb), and 3.76 (s, 3H, OCH3). 
13C NMR (126 MHz, CDCl3): δ 171.91, 171.86, 157.2, 157.0, 148.8, 148.4, 146.5, 146.4, 143.52, 
143.50, 143.0, 142.8, 141.2, 140.9, 139.4, 139.3, 139.1, 139.0, 138.0, 137.9, 136.0, 135.8, 131.5, 
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125.8, 125.2, 123.22, 123.16, 122.93, 122.92, 122.2 (x2), 121.3, 121.2, 115.42, 115.39, 111.6, 
111.4, 81.0, 80.9, 80.7, 80.6, 70.0, 69.8, 55.8, and 55.6. 
(signals from both diastereoisomers) 
IR (neat): 3066, 3015, 2938, 2836, 1753, 1578, 1492, 1439, 1351, 1255, 1239, 1063, 1022, 1017, 
871, and 753 cm-1. 
HRMS (ESI-TOF): Calcd for C29H18NaO4+ [M+Na+] requires 453.1097; found 453.1106.  





Fluoranthene 25c was obtained following general procedure C from pentayne S20 (23 mg, 0.051 
mmol), N-Boc-pyrrole (42 mg, 0.25 mmol), and CHCl3 (2.6 mL). Purification by MPLC 
(hexanes:EtOAc, 4:1) afforded fluoranthene 25c (31 mg, 0.050 mmol, 98%) as a bright orange 
solid. 
1H NMR (500 MHz, CDCl3): δ 7.96 (d, J = 7.3 Hz, 1H, H5 or H8), 7.94 (d, J = 7.7 Hz, 1H, H8 or 
H5), 7.65 (very br s, 1H, H11), 7.56–7.45 (m, 4H, PhHortho, H6, and H7), 7.44–7.36 (m, 3H, 
PhHmeta+para), 7.08–6.99 (br m, 2H, H2 and H3), 6.98 (dd, J = 7.4, 7.4 Hz, 1H, H12), 6.75 (ddd, J 
= 7.6, 7.6, 1.1 Hz, 1H, H13), 6.19 (br s, 1H, H4), 5.72 (very br s, 1H, H1), 5.60 (d, J = 7.7 Hz, 1H, 
H14), 1.34 [br s, 9H, C(CH3)3], and 0.57 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3) δ 195.5, 155.1 (br), 148.0, 147.1, 144.2, 143.9 (br), 142.0, 141.9, 
140.5, 139.8 (br), 138.4, 137.3, 136.0, 134.0, 133.6, 131.2, 130.1, 129.4 (br), 129.2, 128.3, 127.8, 
127.7, 127.1, 126.4, 125.8 (br), 124.1, 122.9, 122.4 (br), 81.4, 65.1 (br), 64.3 (br), 28.2, and 2.0 
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IR (neat): 3061, 2976, 2931, 2901, 1704, 1692, 1474, 1463, 1444, 1409, 1368, 1330, 1251, 1160, 
1087, 929, 908, 846, and 758 cm-1. 
HRMS (ESI-TOF): Calcd for C41H35NNaO3Si+ [M+Na+] requires 640.2278; found 640.2270.  
Mp: 125–128 ºC. 
______________________________________________________________________________ 
(±)-(1R,4S,5R)-2,3-Dichloro-5-(2-methoxyphenyl)-4,6-dihydro-1,4-




Fluoranthenes 25d and 25d’ were obtained following general procedure C from pentayne S14 (36 
mg, 0.10 mmol) and ortho-dichlorobenzene (5.0 mL). Purification by MPLC (hexanes:EtOAc, 
2:1), in order of elution, the closely eluting minor and the major isomers, each containing a small 
amount of the other. Recrystallization of each from DCM/MeOH afforded the fluoranthenes, each 
as a pale yellow solid (12 mg, 0.024 mmol, 24%; and 15 mg, 0.029 mmol, 29%, both containing 
2wt% DCM based on the 1H NMR spectra, 24% and 28% corrected yield, respectively). 
Major isomer (slower eluting) 
1H NMR (500 MHz, CDCl3): δ 8.25 (s, 1H, H9), 8.19 (d, J = 7.6 Hz, 1H, H13), 7.97 (d, J = 7.6 
Hz, 1H, H10), 7.60 (dd, J = 8.3, 8.3 Hz, 1H, H4’), 7.51 (dd, J = 7.6, 7.6 Hz, 1H, H11 or H12), 
7.46 (dd, J = 7.6, 7.6 Hz, 1H, H12 or H11), 7.29 (d, J = 7.3 Hz, 1H, H6’), 7.21 (dd, J = 7.3, 7.3 
Hz, 1H, H5’), 7.14 (d, J = 8.3 Hz, 1H, H3’), 7.07 (dd, J = 6.4, 6.4 Hz, 1H, H15), 6.92 (dd, J = 6.4, 
6.4 Hz, 1H, H14), 5.77 (d, J = 6.2 Hz, 1H, H1), 4.69 (d, J = 17.0 Hz, 1H, OCHaHb), 4.68 (d, J = 
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13C NMR (126 MHz, CDCl3): δ 171.9, 157.3, 146.6, 144.8, 140.7, 139.0, 138.9, 138.7, 137.3, 
136.0, 134.9, 134.8, 131.9, 131.1, 129.2, 128.69, 128.67, 128.3, 126.2, 125.6, 123.2, 122.6, 122.2, 
121.5, 115.2, 111.5, 69.8, 55.7, 53.3, and 52.6 (one aromatic carbon resonance not discernable). 
IR (neat): 3083, 3056, 2956, 2929, 2852, 1755, 1579, 1556, 1492, 1470, 1440, 1350, 1242, 1201, 
1100, 1066, 892, 793, and 759 cm-1. 
HRMS (ESI-TOF): Calcd for C31H1835Cl35ClNaO3+ [M+Na+] requires 531.0525; found 531.0519.  
Mp: decomposition > ca. 320 ºC.  
Minor isomer (faster eluting) 
1H NMR (500 MHz, CDCl3): δ 8.25 (s, 1H, H9), 8.20 (d, J = 7.6 Hz, 1H, H13), 7.98 (d, J = 7.6 
Hz, 1H, H10), 7.62–7.58 (nfom, 1H, H4’), 7.51 (ddd, J = 7.5, 7.5, 1.1 Hz, 1H, H11 or H12), 7.47 
(ddd, J = 7.6, 7.6, 1.1 Hz, 1H, H12 or H11), 7.163 (dd, J = 7.3, 7.3 Hz, 1H, H5’), 7.156 (d, J = 
8.2 Hz, 1H, H3’), 7.150 (d, J = 7.8 Hz, 1H, H6’), 7.07 (ddd, J = 6.5, 6.5, 1.6 Hz, 1H, H15), 6.91 
(ddd, J = 6.6, 6.6, 1.6 Hz, 1H, H14), 5.77 (dd, J = 6.0, 1.6 Hz, 1H, H1), 4.72 (d, J = 16.9 Hz, 1H, 
OCHaHb), 4.64 (d, J = 6.0, 1.6 Hz, 1H, H4), 4.63 (d, J = 17.1 Hz, 1H, OCHaHb), and 3.72 (s, 3H, 
OCH3). 
13C NMR (126 MHz, CDCl3): δ 171.9, 157.5, 146.6, 144.9, 140.7, 139.0, 138.9, 138.83, 138.76, 
137.6, 136.3, 134.8, 134.7, 131.2 (x2), 129.2, 128.7, 128.5, 128.3, 126.2, 125.6, 123.2, 122.5, 
122.3, 121.2, 115.2, 111.4, 69.8, 55.7, 53.3, and 52.7. 
IR (neat): 3083, 3053, 2959, 2927, 2841, 2855, 1748, 1625, 1491, 1463, 1436, 1350, 1256, 1241, 
1103, 1067, 980, 870, and 763 cm-1. 
HRMS (ESI-TOF): Calcd for C31H1835Cl35ClNaO3+ [M+Na+] requires 531.0525; found 531.0515.  
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Triptycene 25e was synthesized following general procedure C from octayne 20 (33 mg, 0.050 
mmol), anthracene (45 mg, 0.25 mmol), and CHCl3 (2.5 mL). Purification by gradient flash 
chromatography (hexanes, removing excess anthracene, to DCM) followed by MPLC 
(hexanes:EtOAc, 3:1) afforded the triptycene derivative 25e (33 mg, 0.039 mmol, 78%) as a pale 
yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.45–7.41 (m, 4H, ArHortho), 7.07–7.02 (m, 4H, ArHmeta), 5.91 (s, 
1H, bridgehead-H), 5.56 (s, 1H, bridgehead-H’), 5.25 (br t, J = 2.4 Hz, 2H, MsNCH2), 5.12 (s, 2H, 
ArCH2O), 4.79 (br t, J = 2.5 Hz, 2H, MsNCH2’), 4.38 (s, 2H, ≡CCH2O), 3.52–3.48 (m, 2H, 
ArCH2CH2Ar’), 3.40–3.36 (m, 2H, ArCH2CH2Ar’), 2.80 (s, 3H, SO2CH3), 2.71 (t, J = 7.1 Hz, 2H, 
≡CCH2CH2C’≡), 2.62 (t, J = 7.0 Hz, 2H, ≡CCH2CH2C’≡), 1.01 [s, 9H, SiC(CH3)3], 0.91 [s, 9H, 
SiC(CH3)3], 0.38 [s, 6H, Si(CH3)2], and 0.13 [s, 6H, Si(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 150.1, 146.1, 144.6, 144.3, 139.5, 138.0, 137.8, 135.9, 127.3, 
125.8, 125.71, 125.69, 124.6, 124.2, 123.7, 110.0, 94.7, 78.6, 77.7, 75.2, 69.7, 66.1, 59.1, 55.7, 
54.1, 52.3, 50.9, 50.8, 34.4, 30.1, 28.5, 26.2, 25.9, 20.0, 19.6, 18.5, 18.4, -4.8, and -5.0. 
IR (neat): 3015, 2954, 2928, 2888, 2856, 2261, 1471, 1461, 1362, 1340, 1255, 1156, 1082, 839, 
776, and 755 cm-1. 
HRMS (ESI-TOF): Calcd for C51H59NNaO4SSi2+ [M+Na+] requires 860.3596; found 860.3613.  
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Fluoranthene 25f was obtained following general procedure C from octayne S11 (26 mg, 0.040 
mmol), 2,3,4,5-tetraphenylcyclopenta-2,4-dien-1-one (46 mg, 0.12 mmol), and CHCl3 (4.0 mL). 
Purification by flash chromatography (hexanes:EtOAc, 10:1, to hexanes:EtOAc:DCM, 8:1:1) 
afforded fluoranthene 25f (37 mg, 0.037 mmol, 92%) as a bright red solid. 
1H NMR (500 MHz, CDCl3): δ 8.71 (d, J = 7.6 Hz, 1H, H10), 7.73 (d, J = 7.6 Hz, 1H, H2’ or 
H5’), 7.65 (d, J = 7.6 Hz, 1H, H5’ or H2’), 7.46–7.28 (m, 7H, ArH), 7.23–7.15 (m, 3H, ArH), 
7.08–6.87 (m, 11H, ArH), 6.83–6.66 (m, 7H, ArH), 6.64–6.55 (m, 5H, ArH), 6.36–6.32 (m, 2H, 
ArH), 3.92 (s, 2H, H8), 3.59 (s, 6H, OCH3), and 2.77 (s, 2H, H6). 
13C NMR (126 MHz, CDCl3): δ 172.2, 142.7, 141.7, 141.32, 141.29, 140.7, 140.4, 140.2, 140.1, 
139.8, 139.5, 138.8, 138.7, 137.2, 135.7, 135.6, 135.2, 133.6, 133.3, 133.1, 133.0, 132.7, 132.6, 
132.2, 131.60, 131.56, 131.2, 130.1, 129.3, 129.1, 128.7, 128.4, 127.3, 126.9, 126.84, 126.75, 
126.64, 126.57, 126.39+, 126.39-, 126.3, 126.2, 126.0, 125.4, 125.1, 124.6, 124.3, 122.7, 121.9, 
112.9, 97.9, 91.5, 83.5, 80.3, 78.4, 74.4, 59.5, 52.8, 41.9, and 40.5. (one aromatic signal was not 
discernible) 
IR (neat): 3056, 3015, 2951, 2918, 2843, 2214, 1736, 1492, 1480, 1441, 1255, 1199, 1165, 1073, 
1027, and 753 cm-1. 
HRMS (APCI+): Calcd for C75H49O4+ [M+H+] requires 1013.3625; found 1013.3597. 
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Fluoranthene-ketone 25g-CO was obtained following general procedure C from octayne S11 (26 
mg, 0.040 mmol), 1,3-diphenyl-2H-cyclopenta[l]phenanthren-2-one111 (26) (76 mg, 0.20 mmol), 
and CHCl3 (4.0 mL). One deviation for this HDDA reaction was to keep the reaction vessel in the 
dark to avoid light-induced autoxidation of cyclopentadienone 26.153 Purification by flash 
chromatography (hexanes:EtOAc, 10:1 to 4:1) afforded fluoranthene 25g-CO (31 mg, 0.030 
mmol, 75%) as a yellow solid. 
A stirred suspension of fluoranthene 25g-CO (20 mg, 0.019 mmol) in o-DCB (1.9 mL) in a glass 
vial sealed with Teflon-lined cap was placed in an oil bath held at 180 ºC. The initial suspension 
quickly turned to a homogeneous solution and the vial was heated for 24 h. During the process, 
the color of the solution was changed from bright yellow to red. After being allowed to cool to 
room temperature, the solution was directly purified by flash chromatography (4:1 hexanes: 
EtOAc), which afforded the tetracene 25g (16 mg, 0.016 mmol, 81%) as a bright red solid. 
Alternatively, tetracene 25g was obtained by directly heating a thin film of fluoranthene 25g-CO 
(5.0 mg, 0.0048 mmol) under a N2 atmosphere in a sand bath held at 250 ºC for 1 h. After being 
allowed to cool to room temperature, the crude material was purified by flash chromatography 
(hexanes: EtOAc, 4:1) that afforded tetracene 25g (3.0 mg, 0.0030 mmol, 62%) as a bright red 
solid. 
Data for 25g-CO 
1H NMR (500 MHz, CDCl3): δ 8.78 (d, J = 7.5 Hz, 1H, H15), 8.75 (d, J = 8.1 Hz, 1H, H4 or H5), 
8.74 (d, J = 8.0 Hz, 1H, H5 or H4), 8.52 (dd, J = 8.4, 0.8 Hz, 1H, H1 or H8), 8.20 (d, J = 8.4, 0.7 
                                                
153 Dennis, G. D.; Davis, D. E.; Field, L. D.; Masters, A. F.; Maschmeyer, T.; Ward, A. J.; Buys, I. E.; 
Turner, P. Fused Supracyclopentadienyl Ligand Precursors. Synthesis, Structure, and Some Reactions of 
1,3-Diphenylcyclopenta[l]Phenanthrene-2-one, 1,2,3-Triphenylcyclopenta[l]Phenanthrene-2-ol, 1-Chloro-
1,2,3-Triphenylcyclopenta[l]Phenanthrene, 1-Bromo-1,2,3-Triphenylcyclopenta[l]Phenanthrene, and 1,2,3-
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Hz, 1H, H8 or H1), 7.89 (br d, J = 7.7 Hz, 1H, PhHortho), 7.78 (br d, J = 7.6 Hz, 1H, PhHortho), 
7.73 (nfod, J = 7.3 Hz, 1H, PhHortho), 7.69–7.65 (m, 2H, PhHortho and H2’), 7.63–7.59 (m, 2H, 
PhHortho), 7.52–7.27 (m, 18H, ArH), 7.17 (ddd, J = 7.6, 7.6, 0.8 Hz, 1H, H3’ or H4’), 7.15–7.11 
(m, 3H, ArH), 7.11 (ddd, J = 7.7, 7.7, 1.0 Hz, 1H, H17), 6.84 (br d, J = 7.6 Hz, 1H, H18), 3.86 (d, 
J = 17.3 Hz, 1H, H13a), 3.79 (d, J = 17.3 Hz, 1H, H13b), 3.63 (s, 3H, OCH3), 3.40 (s, 3H, OCH3), 
3.26 (d, J = 17.7 Hz, 1H, H11a), and 2.30 (d, J = 17.7 Hz, 1H, H11b). 
13C NMR (126 MHz, CDCl3): δ 171.9, 143.4, 141.1, 140.6, 139.5, 138.3, 137.2, 136.6, 135.5, 
133.8, 133.3, 133.0, 132.7, 132.4, 132.2, 131.7, 131.3, 131.1, 130.9, 130.4, 130.0, 128.7, 128.6, 
128.43, 128.38, 128.2, 128.0, 127.8, 127.2, 127.0, 126.83, 126.82, 126.7, 126.5, 125.9, 125.0, 
124.2, 123.4, 122.9, 121.8, 113.7, 97.8, 83.3, 79.9, 69.0, 67.5, 60.0, 52.2, 52.0, 41.3, and 39.6. 
Quality 1D 13C NMR spectrum not attainable because of limited solubility. The listed values are 
from HSQC & HMBC 2D spectra, but many resonances are either not well resolved or absent 
because of being buried deeper in the core of the structure. 
IR (neat): 3057, 3034, 2951, 2921, 2843, 2214, 1802, 1736, 1499, 1482, 1446, 1461, 1255, 1200, 
1164, 1073, and 754 cm-1. 
HRMS (APCI+): Calcd for C76H46O5•+ [M•+] requires 1038.3340; found 1038.3331.  
Mp: 300–308 ºC (color change from yellow to red observed > ca. 260 ºC). 
______________________________________________________________________________ 
Data for 25g 
1H NMR (500 MHz, CDCl3): δ 8.71 (d, J = 7.6 Hz, 1H, H15), 8.09 (d, J = 8.0 Hz, 2H, H4 and 
H5), 7.74 (br d, J = 7.5 Hz, 1H, PhHortho), 7.71 (br d, J = 7.6 Hz, 1H, PhHortho), 7.66 (br d, J = 7.6 
Hz, 1H, PhHortho), 7.46–7.42 (m, 3H, ArH), 7.41–7.34 (m, 4H, ArH), 7.33–7.24 (m, 5H, ArH), 
7.21 (dd, J = 7.5, 7.5 Hz, 1H, ArH), 7.16 (dd, J = 7.7, 7.7 Hz, 1H, ArH), 7.11–6.95 (m, 6H, ArH), 
6.88 (dd, J = 7.7, 7.7 Hz, 1H, ArH), 6.86–6.80 (m, 3H, ArH), 6.76–6.71 (m, 2H, ArH), 6.68 (dd, J 
= 7.6, 7.6 Hz, 1H, ArH), 6.52 (br d, J = 8.3 Hz, 2H, H1 and H8), 6.31 (d, J = 7.8 Hz, 1H, H18), 
3.98 (d, J = 17.1 Hz, 1H, H13a), 3.90 (d, J = 17.1 Hz, 1H, H13b), 3.65 (s, 3H, OCH3), 3.51 (s, 3H, 
OCH3), 3.34 (d, J = 17.7 Hz, 1H, H11a), and 2.44 (d, J = 17.6 Hz, 1H, H11b). The twist in the 
dibenzotetracene renders the two pairs of methylene protons and the methyl groups inequivalent 
(diastereotopic). 
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13C NMR (126 MHz, CDCl3): δ 172.2, 142.5, 141.8, 141.6, 140.9, 140.4, 138.6, 138.5, 137.5, 
136.6, 135.7, 135.5, 134.4, 134.0, 133.67, 133.65, 133.22, 133.20, 133.0, 132.9, 132.74, 132.66, 
132.6, 132.2, 131.9, 131.8, 131.6, 131.4, 131.0, 130.4, 129.7, 129.6, 129.4, 129.2, 129.1, 128.98, 
128.96, 128.92, 128.7, 128.5, 128.3, 128.0, 127.4, 127.2, 126.91 (br), 126.90, 126.87, 126.69, 
126.68, 126.6, 126.42, 126.36, 126.1, 125.8, 124.3, 123.72, 123.67, 122.8, 121.9, 113.0, 97.9, 
91.5, 83.5, 80.3, 78.4, 74.4, 59.6, 52.9, 42.4, and 40.6. The twist in the dibenzotetracene renders 
all six of the carbons in each of the three non-terminal phenyl groups inequivalent. 
IR (neat): 3059, 3025, 2952, 2927, 1736, 1599, 1492, 1480, 1443, 1253, 1200, 1168, 1074, 818, 
and 754 cm-1. 
HRMS (APCI+): Calcd for C75H46O4•+ [M•+] requires 1010.3391; found 1010.3394. 





Carbazole 25h was synthesized following general procedure C from pentayne S17 (34 mg, 0.050 
mmol), 2-pyrone (12 uL, 0.15 mmol), and CHCl3 (5.0 mL). Purification by MPLC 
(hexanes:EtOAc, 2:1) afforded carbazole 25h (26 mg, 0.039 mmol, 78%) as a red solid. 
1H NMR (500 MHz, CDCl3): δ 8.76 (br d, J = 8.6 Hz, 1H, H4), 8.42 (br d, J = 8.9 Hz, 1H, H1), 
8.20 (s, 1H, H9), 8.17 (br s, 1H, SO2-ArHortho-a), 8.00 (s, 1H, H5), 7.90 (br d, J = 7.7 Hz, 1H, 
H13), 7.70 (br dd, J = 8.2, 8.2 Hz, 1H, H3), 7.68 (br d, J = 7.6 Hz, 1H, H10), 7.60 (s, 1H, H8), 
7.48 (br dd, J = 8.4, 8.4 Hz, 1H, H2), 7.31 (br dd, J = 7.5, 7.5 Hz, 1H, H11 or H12), 7.29 (br s, 
1H, SO2-ArHmeta-a), 7.26 (br dd, J = 7.6, 7.6 Hz, 1H, H12 or H11), 6.87 (br s, 2H, SO2-ArHortho-b 
and meta-b), 6.64 (br d, J = 7.9 Hz, 2H, MeO-ArHmeta), 6.49 (br d, J = 7.9 Hz, 2H, MeO-ArHortho), 
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13C NMR (126 MHz, CDCl3) δ 159.3, 149.6, 148.7, 143.7, 142.2, 139.2, 137.25, 137.22, 134.7, 
133.8, 131.42, 131.40, 131.37, 131.33, 131.0, 130.9, 130.6, 129.4 (br), 129.3, 129.1, 128.22 (br), 
128.20, 127.4, 127.1, 126.4, 125.7, 125.4, 124.0, 121.9, 119.62 (br), 119.38, 119.35, 111.8, 108.2, 
105.4, 56.8, 56.5, 55.6, and 21.5 (one aromatic carbon resonance not discernable). 
IR (neat): 3000, 2955, 2832, 1604, 1509, 1421, 1389, 1361, 1289, 1242, 1209, 1170, 1152, 1085, 
1033, 908, and 763 cm-1. 
HRMS (APCI+): Calcd for C42H32NO5S+ [M+H+] requires 662.1996; found 662.1982.  
Mp: 204–208 ºC.  
______________________________________________________________________________ 
Methyl 10-Oxo-15-phenyl-9-(trimethylsilyl)-10H-benzo[a]indeno[2,1-e]aceanthrylene- 3-




Anthracene 25i and 25i’ were obtained following general procedure C from pentayne S20 (45 mg, 
0.10 mmol), methyl coumalate (46 mg, 0.30 mmol), and CHCl3 (5 mL). Purification by MPLC 
(hexanes:EtOAc, 4:1) afforded, in order of elution, anthracenes 25i and 25i’ each as a dark red 
amorphous solid (35 mg, 0.062 mmol, 62%; and 18 mg, 0.032 mmol, 32%, respectively). Their 
ratio was 2.0:1 based on the 1H NMR spectrum of the crude reaction mixture. 
Major isomer 25i (faster eluting) 
1H NMR (500 MHz, CDCl3): δ 9.36 (s, 1H, H4), 8.21 (d, J = 7.7 Hz, 1H, H5), 8.03 (d, J = 9.3 Hz, 
1H, H2), 7.90 (d, J = 7.4 Hz, 1H, H8), 7.84 (d, J = 9.3 Hz, 1H, H1), 7.50 (dd, J = 7.4, 7.4 Hz, 1H, 
H6), 7.46–7.33 (m, 7H, PhH5, H11, and H7), 6.94 (dd, J = 7.3, 7.3 Hz, 1H, H12), 6.68 (dd, J = 7.6, 
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13C NMR (126 MHz, CDCl3): δ 195.8, 167.0, 148.8, 145.5, 144.2, 141.2, 140.5, 140.0, 139.2, 
138.7, 135.0, 134.6, 134.3, 133.8, 133.6, 133.2, 132.9, 129.3, 128.84, 128.80, 128.77, 128.54, 
128.46, 127.72, 127.68, 126.54, 126.49, 125.4, 124.9, 124.4, 124.1, 122.7, 52.7, and 2.0. 
IR (neat): 3059, 2951, 2900, 1721, 1706, 1605, 1462, 1441, 1299, 1264, 1247, 1193, 1100, 909, 
847, and 765 cm-1. 
HRMS (APCI+): Calcd for C37H25O3Si+ [M-CH3+] requires 545.1567; found 545.1573. 
______________________________________________________________________________ 
Minor isomer 25i’ (slower eluting) 
1H NMR (500 MHz, CDCl3): δ 8.93 (d, J = 1.3 Hz, 1H, H1), 8.74 (d, J = 9.0 Hz, 1H, H4), 8.25 (d, 
J = 7.7 Hz, 1H, H5), 8.16 (dd, J = 8.9, 1.5 Hz, 1H, H3), 7.97 (d, J = 7.6 Hz, 1H, H8), 7.58–7.52 
(m, 5H, PhH5), 7.44 (ddd, J = 7.5, 7.5, 1.1 Hz, 1H, H6), 7.42 (dd, J = 7.4, 1.2 Hz, 1H, H11), 7.38 
(ddd, J = 7.5, 7.5, 0.8 Hz, 1H, H7), 6.97 (ddd, J = 7.6, 7.6, 0.7 Hz, 1H, H12), 6.73 (ddd, J = 7.6, 
7.6, 1.3 Hz, 1H, H13), 5.44 (d, J = 7.7 Hz, 1H, H14), 3.96 (s, 3H, OCH3), and 0.55 [s, 9H, 
Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 195.8, 167.1, 148.5, 145.8, 144.4, 141.5, 140.9, 140.8, 139.8, 
139.2, 136.0, 135.7, 133.8, 133.3, 133.04, 133.00, 132.4, 131.8, 131.1, 129.2, 129.0, 128.4, 127.8, 
127.1, 126.9, 126.6, 126.4, 125.0, 124.8, 124.7, 123.9, 122.8, 52.5, and 2.0. 
IR (neat): 3065, 2952, 2899, 1721, 1706, 1557, 1441, 1299, 1274, 1241, 1194, 1086, 862, 844, 
and 767 cm-1. 
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Anthracenoperylene 25j were obtained following general procedure C from pentayne 9 (25 mg, 
0.10 mmol), perylene (76 mg, 0.30 mmol), and CHCl3 (20 mL). Purification by flash column 
chromatography (hexanes:DCM, 1:1) followed by recrystallization DCM/MeOH afforded 
anthracenoperylene 25j (28 mg, 0.056 mmol, 56%, containing 4wt% DCM, 54% corrected yield) 
as an orange solid, which slowly decomposed under air and ambient light. The sample was stored 
in the dark and kept at -20 °C. 
1H NMR (500 MHz, CDCl3): δ 9.08 (d, J = 9.2 Hz, 1H, H8 or H16), 8.81 (d, J = 7.7 Hz, 1H, H3 
or H4), 8.79 (d, J = 7.7 Hz, 1H, H4 or H3), 8.51 (d, J = 9.0 Hz, 1H, H16 or H8), 8.19 (d, J = 8.8 
Hz, 1H, H7 or H17), 8.12 (d, J = 7.6 Hz, 1H, H1 or H6), 8.08 (d, J = 7.5 Hz, 1H, H6 or H1), 8.00 
(d, J = 8.7 Hz, 1H, H17 or H7), 7.92 (dd, J = 7.8, 7.8 Hz, 1H, H2 or H5), 7.91 (dd, J = 7.9, 7.9 Hz, 
1H, H5 or H2), 7.75 (s, 1H, H13) 5.99 (br s, 2H, OCH2), 4.45 (br s, 2H, H15), 4.03 (very br s, 2H, 
CH2CH2CH3), 3.71 (br s, 2H, H14), 1.22 (br m, 2H, CH2CH2CH3), and 0.55 (t, J = 7.3 Hz, 3H, 
CH2CH2CH3). 
13C NMR (126 MHz, CDCl3): Limited solubility properties prevented the collection of a high 
enough quality 1-D or 2-D 13C spectral data set. The following are resonances that could be 
observed with confidence: δ 132.6, 132.1, 130.9, 129.8, 127.6, 127.1, 127.0 (x2 in HSQC), 126.2, 
125.3, 125.2, 124.8, 120.9, 120.5, 112.5, 71.5, 37.5, 36.8, 31.0, 27.4, and 13.7. (15 aromatic C 
and 1 carbonyl were not observed).  
IR (neat): 2969, 2928, 2873, 1755, 1654, 1581, 1563, 1461, 1441, 1359, 1266, 1176, 1100, 850, 
and 821 cm-1. 
HRMS (APCI+): Calcd for C37H25O2+ [M+H+] requires 501.1849; found 501.1838.  
Mp: decomposes > ca. 240 °C.  
______________________________________________________________________________ 
(±)-(7R,18bR)-18-Phenyl-12-(trimethylsilyl)-7,18b-ethenodibenzo[ij,pq]diindeno[1,2-
a:1',2',3'-de]pentaphen-13(7H)-one (25k) and (±)-(7S,18dS)-8-Phenyl-14-(trimethylsilyl)-
7,18d-ethenodibenzo[ij,pq]diindeno[2,1-c:1',2',3'-uv]pentaphen-13(7H)-one (25k’)  
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The fused fluorenone derivatives 25k and 25k’ were obtained following general procedure C 
from pentayne S20 (22 mg, 0.049 mmol), perylene (38 mg, 0.15 mmol), and CHCl3 (10 mL). 
Purification by flash column chromatography (hexanes:DCM, 2:1) afforded fluorenones 25k and 
25k’ as a 2.0:1 co-eluting mixture, containing minor impurities (21 mg, 0.030 mmol, ~61%), as 
judged from its 1H NMR spectrum. A pristine sample of the mixture of 25k and 25k’ was 
acquired by recrystallization from DCM/MeOH (15 mg, 0.021 mmol, 44%, as a red solid). A 
single crystal of the major isomer 25k suitable for X-ray diffraction analysis was grown by slow 
evaporation at ambient temperature of a toluene solution of the mixture (CCDC deposition 
number: 1818244). 
Major isomer 25k 
1H NMR (500 MHz, CDCl3): δ 8.47 (d, J = 7.5 Hz, 1H, H8), 8.19 (d, J = 7.0 Hz, 1H, H3), 7.98 
(dd, J = 8.0, 0.8 Hz, 1H, H11), 7.96 (d, J = 7.8 Hz, 1H, H1), 7.78 (d, J = 7.8 Hz, 1H, H4), 7.60 
(dd, J = 7.9, 7.4 Hz, 1H, H5), 7.508 (ddd, J = 7.6, 7.6, 0.9 Hz, 1H, H9 or H10), 7.507 (dd, J = 
7.2, 0.6 Hz, 1H, H6), 7.43 (dd, J = 7.9, 1.1 Hz, 1H, H21), 7.41 (ddd, J = 7.6, 7.6, 0.9 Hz, 1H, 
H10 or H9), 7.31 (dd, J = 7.0, 0.8 Hz, 1H, H14), 7.27 (dd, J = 7.8, 7.2 Hz, 1H, H2), 7.26 (dd, J = 
6.8, 6.8 Hz, 1H, H23), 7.04 (br d, J = 7.2 Hz, 1H, PhHortho-b), 6.95 (dd, J = 7.2, 1.3 Hz, 1H, H19), 
6.91 (dd, J = 7.5, 7.5 Hz, 1H, H20), 6.85 (br dd, J = 7.3, 7.3 Hz, 1H, PhHmeta-b), 6.82 (dd, J = 6.9, 
1.5 Hz, 1H, H22), 6.81 (br tt, J = 7.2, 1.3 Hz, 1H, PhHpara), 6.73 (ddd, J = 7.7, 7.7, 0.7 Hz, 1H, 
H15), 6.48 (br d, J = 7.2 Hz, 1H, PhHortho-a), 6.38 (dd, J = 6.6, 1.5 Hz, 1H, bridgehead-H), 6.36 
(ddd, J = 7.7, 7.7, 1.3 Hz, 1H, H16), 6.10 (br dd, J = 7.3, 7.3 Hz, 1H, PhHmeta-a), 4.78 (d, J = 7.8 
Hz, 1H, H17), and 0.55 [s, 9H, Si(CH3)3]. The inequivalency of the protons on the phenyl 
substituent indicate that rotation about the Ph–Ar bond is slow on the NMR time-scale. 
13C NMR (126 MHz, CDCl3): δ 195.6, 150.8, 146.2, 145.8, 145.5, 145.1, 144.9, 143.5, 141.8, 
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130.8, 129.4, 129.2, 128.6, 128.5, 128.4, 127.8, 127.6, 127.2, 127.04, 126.98, 126.9, 126.8, 126.6, 
126.4, 126.2, 125.8, 125.0, 123.4, 123. 1, 122.4, 120.1, 119.4, 56.1, 47.1, and 2.0. 
IR (neat): 3052, 3026, 2949, 2926, 2853, 1704, 1607, 1463, 1443, 1401, 1381, 1249, 1207, 843, 
and 764 cm-1. 
HRMS (APCI+): Calcd for C51H31OSi+ [M-CH3+] requires 687.2139; found 687.2131. 
Mp: 298–301 ºC. 
______________________________________________________________________________ 
Minor isomer 25k’ (deduced from mixture) 
1H NMR (500 MHz, CDCl3): δ 8.18 (d, J = 7.2 Hz, 1H, H3), 8.03 (d, J = 8.2, 0.9 Hz, 1H, H21), 
8.00 (d, J = 8.1 Hz, 1H, H1), 7.89 (dd, J = 8.0, 0.8 Hz, 1H, H4), 7.73 (dd, J = 7.4, 1.1 Hz, 1H, 
H19), 7.66 (dd, J = 8.0, 7.4 Hz, 1H, H2), 7.66–7.55 (m, 6H, PhH5 and H15), 7.54 (dd, J = 8.0, 
7.4 Hz, 1H, H20), 7.43 (dd, J = 7.7, 0.9 Hz, 1H, H12), 7.23 (dd, J = 7.2, 1.0 Hz, 1H, H6), 7.20 
(dd, J = 7.3, 7.3 Hz, 1H, H5), 7.06 (dd, J = 6.8, 6.8 Hz, 1H, H23), 6.96 (ddd, J = 7.5, 7.5, 0.6 Hz, 
1H, H11), 6.94 (ddd, J = 7.4, 7.4, 0.7 Hz, 1H, H16), 6.91 (dd, J = 6.9, 1.5 Hz, 1H, H22), 6.73 
(ddd, J = 7.7, 7.7, 1.3 Hz, 1H, H10), 6.34 (ddd, J = 7.7, 7.7, 1.1 Hz, 1H, H17), 5.63 (dd, J = 6.6, 
1.5 Hz, 1H, bridgehead-H7), 5.45 (d, J = 7.7 Hz, 1H, H9), 4.84 (d, J = 7.9 Hz, 1H, H18), and 0.49 
[s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 195.8, 149.5, 147.5, 146.6, 146.0, 145.7, 144.9, 143.1, 142.2, 
141.1, 140.0, 138.84, 138.76, 138.6, 136.9, 134.5, 133.9, 133.7, 133.4, 133.0, 132.5, 132.0, 129.8, 
129.5, 129.4, 129.1, 129.0, 128.9, 128.6, 128.2, 128.1, 127.9, 127.4, 127.0, 126.8, 126.5, 126.3, 
125.5, 125.3, 125.2, 124.4, 122.9, 122.8, 120.0, 119.6, 55.8, 48.7, and 2.1. 
IR (neat): 3052, 2950, 2924, 2852, 1704, 1603, 1462, 1444, 1399, 1377, 1248, 1200, 1083, 844, 
and 765 cm-1. (of the mixture) 
HRMS (APCI+): Calcd for C51H31OSi+ [M-CH3+] requires 687.2139; found 687.2131. (of the 
mixture) 
Mp: 260–288 ºC (of the mixture).  
______________________________________________________________________________ 
7-Oxo-1-propyl-4,5,7,9-tetrahydroacenaphtho[4,5-c]furan-3-yl acetate (25l) and 7-Oxo-1-
propyl-4,5,7,9-tetrahydroacenaphtho[4,5-c]furan-2-yl acetate (25l’) 
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Naphthalenes 25l and 25l’ were obtained following general procedure C from pentayne 9 (25 mg, 
0.10 mmol), acetic acid (300 uL, 5.0 mmol), and CHCl3 (5.0 mL). Purification by MPLC 
(hexanes:EtOAc, 2:1) afforded naphthalene 25l and 25l’ (20 mg, 0.065 mmol, 65%, as a pale 
yellow solid) as a 1:1.3 coeluting mixture. 
25l (major) 
1H NMR (500 MHz, CDCl3): δ 7.60 (s, 1H, H6), 7.19 (s, 1H, H3), 5.67 [s, 2H, CH2O(C=O)], 
3.47–3.39 (m, 4H, ArCH2CH2Ar), 2.73 (t, J = 7.7 Hz, 2H, CH2CH2CH3), 2.40 [s, 3H, 
O(C=O)CH3], 1.57 (sextet, J = 7.7 Hz, 2H, CH2CH2CH3), and 1.06 (t, J = 7.5 Hz, 3H, 
CH2CH2CH3). 
25l’ (minor) 
1H NMR (500 MHz, CDCl3): δ 7.60 (s, 1H, H6), 7.13 (s, 1H, H2), 5.67 [s, 2H, CH2O(C=O)], 
3.47–3.39 (m, 2H, H5), 3.32–3.28 (m, 2H, H4), 2.86 (t, J = 7.7 Hz, 2H, CH2CH2CH3), 2.38 [s, 3H, 
O(C=O)CH3], 1.71 (sextet, J = 7.6 Hz, 2H, CH2CH2CH3), and 1.07 (t, J = 7.4 Hz, 3H, 
CH2CH2CH3). 
13C NMR (126 MHz, CDCl3): δ 171.9, 171.8, 170.0, 168.7, 149.7, 149.3, 148.9, 146.2, 145.1, 
145.0, 142.7, 142.3, 141.4, 138.4, 134.4, 126.4, 126.3, 126.0, 125.4, 124.4, 123.7, 119.0, 114.7, 
114.2, 70.7, 70.6, 35.8, 30.5, 30.11, 30.06, 30.01, 28.3, 24.9, 24.8, 21.1, 21.0, 14.4, and 14.0. 
(signals from both regioisomers) 
IR (neat): 2961, 2932, 2874, 1755, 1611, 1450, 1422, 1364, 1345, 1203, 1182, 1106, 1071, 1040, 
909, and 778 cm-1. 
HRMS (ESI-TOF): Calcd for C19H18NaO4+ [M+Na+] requires 333.1097; found 333.1098.  





































yl)thio)butyl acetate (25m’) 
 
Fluoranthenes 25m and 25m’ were obtained following general procedure C from pentayne S20 
(50 mg, 0.11 mmol) and tetrahydrothiophene (12 uL, 0.14 mmol), acetic acid (33 uL, 0.55 mmol), 
and benzene (11 mL). Purification by MPLC (hexanes:EtOAc, 5:1) afforded, in order of elution, 
fluoranthenes 25m and 25m’, each as an orange-red solid (21 mg, 0.035 mmol, 32%; and 39 mg, 
0.065 mmol, 59%).  
Minor isomer 25m (faster eluting) 
1H NMR (500 MHz, CDCl3): δ 7.99 (s, 1H, H3), 7.90 (nfom, 1H, H4), 7.83 (nfom, 1H, H7), 7.52 
(d, J = 7.0 Hz, 2H, PhHortho), 7.48–7.43 (m, 4H, PhHmeta+para and H10), 7.38–7.35 (m, 2H, H5 and 
H6), 6.97 (ddd, J = 7.4, 7.4, 0.6 Hz, 1H, H11), 6.73 (ddd, J = 7.7, 7.7, 1.3 Hz, 1H, H12), 5.47 (d, 
J = 7.8 Hz, 1H, H13), 3.98 (t, J = 6.0 Hz, 2H, CH2OAc), 2.92 (t, J = 6.9 Hz, 2H, SCH2), 1.96 [s, 
3H, O(C=O)CH3], 1.66–1.57 (m, 4H, CCH2CH2C), and 0.56 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 195.6, 171.2, 147.7, 144.4, 143.9, 142.4, 140.5, 139.8, 139.4, 
138.6, 138.3, 137.1, 136.2, 135.4, 133.8, 133.5, 132.4, 128.6, 128.5, 127.8, 127.7, 127.5, 127.0, 
126.4, 125.3, 122.9, 121.8, 120.9, 63.9, 34.4, 27.8, 25.5, 21.0, and 2.0. 
IR (neat): 3059, 2951, 2902, 1737, 1706, 1604, 1462, 1445, 1381, 1239, 1088, 1042, 908, 843, 
and 765 cm-1. 
HRMS (ESI-TOF): Calcd for C38H34NaO3SSi+ [M+Na+] requires 621.1890; found 621.1901. 
Mp: 56–59 ºC. 
______________________________________________________________________________ 
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1H NMR (500 MHz, CDCl3): δ 8.38 (d, J = 7.6 Hz, 1H, H4), 7.93 (d, J = 7.4 Hz, 1H, H7), 7.56–
7.53 (nfom, 2H, PhHortho), 7.52 (s, 1H, H2), 7.46 (d, J = 7.4 Hz, 1H, H10), 7.46–7.43 (m, 3H, 
PhHmeta+para), 7.40 (ddd, J = 7.5, 7.5, 1.2 Hz, 1H, H5), 7.35 (ddd, J = 7.5, 7.5, 1.2 Hz, 1H, H6), 
6.98 (ddd, J = 7.4, 7.4, 0.8 Hz, 1H, H11), 6.74 (ddd, J = 7.6, 7.6, 1.3 Hz, 1H, H12), 5.60 (d, J = 
7.7 Hz, 1H, H13), 4.12 (t, J = 6.1 Hz, 2H, CH2OAc), 3.25 (t, J = 6.8 Hz, 2H, SCH2), 2.00 [s, 3H, 
O(C=O)CH3], 1.94–1.84 (m, 4H, CCH2CH2C), and 0.59 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 195.4, 171.2, 146.5, 143.8, 143.8, 142.3, 140.7, 140.3, 139.5, 
139.4, 138.3, 136.4, 135.6, 133.9, 133.39, 133.36, 131.0, 130.2, 129.3, 128.4, 127.9 (x2), 126.5, 
126.1, 125.9, 124.8, 122.82, 122.80, 63.9, 32.5, 28.0, 26.0, 21.0, and 2.0. 
IR (neat): 3063, 2954, 2899, 1737, 1704, 1561, 1445, 1403, 1234, 1199, 1076, 1043, 949, 914, 
859, 842, and 765 cm-1. 
HRMS (ESI-TOF): Calcd for C38H34NaO3SSi+ [M+Na+] requires 621.1890; found 621.1894. 
Mp: 74–77 ºC.  
______________________________________________________________________________ 
Dimethyl 1-Morpholino-3-phenyl-7-((2-(phenylbuta-1,3-diyn-1-yl)phenyl)ethynyl)-4,6-




Fluoranthenes 25n and 25n’ were obtained following general procedure C from octayne S11 (33 
mg, 0.050 mmol), morpholine (13 uL, 0.15 mmol), and CHCl3 (2.5 mL). Purification by MPLC 
(hexanes:EtOAc, 3:1) afforded fluoranthene 25n and 25n’ as a 4.5:1 coeluting mixture (36 mg, 
0.048 mmol, 96%, as a yellow solid). A pure sample of just the major regioisomer 25n (24 mg, 
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Data for the major isomer (25n)  
1H NMR (500 MHz, CDCl3): δ 8.70 (d, J = 7.6 Hz, 1H, H8), 7.85 (br d, J = 7.4 Hz, 1H, H11), 
7.81 (s, 1H, H1), 7.71 (dd, J = 7.8, 1.0 Hz, 1H, H2’ or H5’), 7.64 (dd, J = 7.7, 1.0 Hz, 1H, H5’ or 
H2’), 7.50 (ddd, J = 7.6, 7.6, 1.0 Hz, 1H, H9 or H10), 7.48–7.40 (m, 6H, ArH), 7.39–7.28 (m, 7H, 
ArH), 3.91 (s, 2H, H6), 3.61 (s, 6H, OCH3), 3.46 (br t, J = 4.3 Hz, 4H, OCH2), 3.03 (s, 2H, H4), 
and 2.93 (br t, J = 4.5 Hz, 4H, NCH2). 
13C NMR (126 MHz, CDCl3): δ 172.2, 151.8, 142.7, 139.4, 139.0, 138.9, 137.7, 137.5, 135.8, 
134.1, 133.6, 132.9, 132.7, 131.0, 130.0, 129.4, 129.1, 128.63, 128.62, 128.5, 127.9, 127.7, 
127.53, 127.49, 126.7, 124.2, 123.8, 121.9, 120.9, 114.5, 112.5, 96.9, 91.0, 83.5, 80.4, 78.4, 74.4, 
67.3, 59.7, 52.9, 52.8, 41.8, and 40.5. 
IR (neat): 3058, 2952, 2851, 2813, 2214, 1736, 1609, 1480, 1442, 1370, 1260, 1199, 1166, 1113, 
1069, and 755 cm-1. 
HRMS (ESI-TOF): Calcd for C51H37NNaO5+ [M+Na+] requires 766.2564; found 766.2541.  
Mp: 134–139 ºC.  
______________________________________________________________________________ 
Data for the major isomer (25n’, extracted from mixture)  
1H NMR (500 MHz, CDCl3): δ 8.82 (d, J = 7.6 Hz, 1H, H8), 7.94 (d, J = 7.5 Hz, 1H, H11), 7.74 
(dd, J = 7.8, 1.0 Hz, 1H, H2’ or H5’), 7.65 (dd, J = 7.7, 1.0 Hz, 1H, H5’ or H2’), 7.52–7.28 (m, 
14H, ArH), 7.23 (s, 1H, H2), 4.03 (br t, J = 4.5 Hz, 4H, OCH2), 3.96 (s, 2H, H6), 3.62 (s, 6H, 
OCH3), 3.29 (br t, J = 4.4 Hz, 4H, NCH2), and 3.19 (s, 2H, H4). 
13C NMR (126 MHz, CDCl3): δ 172.2, 147.5, 141.8, 141.7, 140.8, 138.0, 137.8, 136.7, 135.6, 
134.6, 133.67, 133.64, 133.0, 132.7, 129.7, 129.1, 128.7, 128.5, 128.2, 128.0, 127.7, 127.3, 126.6, 
125.4, 124.3, 123.7, 123.6, 123.2, 121.9, 117.2, 113.7, 100.1, 97.4, 91.2, 83.5, 80.3, 74.4, 67.4, 
60.0, 53.0, 52.4, 47.4, and 42.0.  
IR (neat): 3059, 2953, 2853, 2812, 2218, 1735, 1694, 1616, 1455, 1372, 1260, 1200, 1167, 1114, 
1070, 838, and 757 cm-1. (from the mixture of regioisomers) 
HRMS (ESI-TOF): Calcd for C51H37NNaO5+ [M+Na+] requires 766.2564; found 766.2552. 
(obtained from the mixture of regioisomers) 
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Naphthalene 25o was obtained following general procedure C from pentayne 9 (25 mg, 0.10 
mmol), norbornene (94 mg, 1.0 mmol), and CHCl3 (5.0 mL). Purification by MPLC 
(hexanes:EtOAc, 2.5:1) afforded naphthalene 25o (22 mg, 0.064 mmol, 64%) as a white solid. 
1H NMR (500 MHz, CDCl3): δ 7.53 (s, 1H, ArH), 5.67 [s, 2H, CH2O(C=O)], 3.41 (br t, J = 6.5 
Hz, 2H, ArCH2CH2Ar), 3.37 (br d, J = 3.9 Hz, 1H, ArRCHCHRAr), 3.28 (br d, J = 3.8 Hz, 1H, 
ArRCHCHRAr), 3.26 (br t, J = 6.4 Hz, 2H, ArCH2CH2Ar), 2.75 (dt, J = 13.8, 7.7 Hz, 1H, 
CHaHbCH2CH3), 2.74 (dt, J = 13.9, 7.8 Hz, 1H, CHaHbCH2CH3), 2.42 [br s, 2H, bridgehead 
methines-a and b], 1.68–1.59 (m, 4H, CHaHbCHaHb and CH2CH2CH3), 1.30–1.25 (m, 2H, 
CHaHbCHaHb), 1.08 (t, J = 7.3 Hz, 3H, CH2CH2CH3), 1.04 (br d, J = 10.2 Hz, 1H, bridge CHaHb), 
and 0.92 (br d, J = 10.2 Hz, 1H, bridge CHaHb). 
13C NMR (126 MHz, CDCl3): δ 172.5, 148.4, 147.8, 144.7, 142.6, 141.6, 137.2, 128.3, 125.8, 
124.0, 112.8, 70.8, 50.4, 48.8, 37.3, 36.6, 32.6, 31.8, 30.5, 28.0, 27.9, 27.8, 25.6, and 14.6. 
IR (neat): 2952, 2871, 1756, 1449, 1424, 1395, 1355, 1293, 1220, 1178, 1162, 1100, 1019, 961, 
911, 870, and 753 cm-1. 
HRMS (ESI-TOF): Calcd for C24H24NaO2+ [M+Na+] requires 367.1669; found 367.1674.  
Mp: 167–170 ºC. 
______________________________________________________________________________ 
Ethyl 9-Oxo-14-phenyl-8-(trimethylsilyl)-3,9-dihydroindeno[1',2':2,3]fluoreno[1,9-
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Fluoranthene 25p was obtained following general procedure C from pentayne S20 (22 mg, 0.049 
mmol), ethyl 2-diazoacetate (18 uL, 90 wt%, 0.15 mmol), and CHCl3 (2.4 mL). Purification by 
flash column chromatography (hexanes:EtOAc, 2:1 to 1:1) afforded fluoranthene 25p (24 mg, 
0.042 mmol, 86%) as a red solid. 
1H NMR (500 MHz, CDCl3): δ 10.58 (br s, 1H, NH), 8.33 (br d, J = 7.3 Hz, 1H, H4), 7.93 (d, J = 
7.5 Hz, 1H, H7), 7.69–7.64 (nfom, 2H, PhHortho), 7.59–7.53 (m, 3H, PhHmeta+para), 7.45 (d, J = 7.2 
Hz, 1H, H10), 7.42 (br dd, J = 7.3, 7.3 Hz, 1H, H5), 7.36 (dd, J = 7.6, 7.6 Hz, 1H, H6), 6.99 (dd, 
J = 7.4, 7.4 Hz, 1H, H11), 6.74 (dd, J = 7.7, 7.7 Hz, 1H, H12), 5.58 (d, J = 7.7 Hz, 1H, H13), 
4.66 (q, J = 7.4 Hz, 2H, CH2CH3), 1.54 (t, J = 7.4 Hz, 3H, CH2CH3), and 0.56 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 195.7, 163.8, 149.5, 144.4, 144.0, 142.6, 141.3, 139.9, 139.6, 
137.6, 135.0, 133.65, 133.58, 133.2, 131.0 (br), 130.2, 130.0, 129.4, 128.2, 127.9, 126.8, 126.3, 
126.2, 125.0, 123.7, 123.0, 120.6, 117.9, 62.3, 14.5, and 2.0. 
IR (neat): 3298, 3064, 2954, 2926, 2854, 1728, 1707, 1604, 1462, 1436, 1387, 1262, 1248, 1135, 
1044, 959, 848, and 765 cm-1. 
HRMS (ESI-TOF): Calcd for C36H28N2NaO3Si+ [M+Na+] requires 587.1761; found 587.1770.  
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Carbazole 25q was synthesized following general procedure C from pentayne S17 (23 mg, 0.033 
mmol), Li2CuCl4 (0.1 mL, 1 M in THF, 0.10 mmol), and anhydrous THF (3.2 mL). Purification 
by MPLC (hexanes:EtOAc, 3:1) afforded the carbazole derivative 25q (17 mg, 0.023 mmol, 68%) 
as a red solid. 
1H NMR (500 MHz, CDCl3): δ 8.11 (br dd, J = 8.5, 1.5 Hz, 1H, SO2-ArHortho-a), 8.05 (s, 1H, H4), 
7.82 (d, J = 8.0 Hz, 1H, H12), 7.60 (d, J = 7.8 Hz, 1H, H9), 7.53 (s, 1H, H7), 7.26 (ddd, J = 7.8, 
7.8, 0.9 Hz, 1H, H10 or H11), 7.20 (br dd, J = 8.5, 2.2 Hz, 1H, SO2-ArHmeta-a), 7.18 (ddd, J = 7.7, 
7.7, 1.0 Hz, 1H, H11 or H10), 6.80 (br dd, J = 8.4, 2.3 Hz, 1H, SO2-ArHortho-b), 6.69 (br dd, J = 
8.4, 2.3 Hz, 1H, SO2-ArHmeta-b), 6.65 (nfod, J = 8.2 Hz, 2H, MeO-ArHmeta), 6.50 (nfod, J = 8.3 Hz, 
2H, MeO-ArHortho), 4.10 (s, 3H, OCH3), 4.06 (s, 3H, OCH3), 3.94 (s, 3H, OCH3), 2.10 (s, 3H, 
SO2-ArCH3), and 0.47 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3) δ 159.2, 149.1, 148.5, 145.2, 143.9, 141.8, 138.5, 137.5, 136.2 (br), 
135.6, 134.0, 133.2, 132.74, 132.67 (br), 132.5, 131.6, 131.1, 130.6, 130.5, 128.2, 127.3, 127.2, 
126.2, 124.3, 123.7, 122.6, 119.2, 112.4, 111.9, 110.0, 107.8, 56.3, 56.2, 55.3, 21.3, and 2.5 (one 
aromatic carbon resonance not discernable). 
IR (neat): 2997, 2955, 2902, 2834, 1607, 1576, 1513, 1482, 1466, 1439, 1375, 1291, 1276, 1249, 
1210, 1171, 1090, 1068, 1033, 838, 821, and 762 cm-1. 
HRMS (APCI+): Calcd for C41H3635Cl35ClNO5SSi+ [M+H+] requires 752.1455; found 752.1415. 
Mp: 231–235 ºC.  
______________________________________________________________________________ 
1-(((tert-Butyldimethylsilyl)oxy)methyl)-6-(9-((tert-butyldimethylsilyl)oxy)nona-1,5,7-triyn-


























(1 M in THF)
Cl
TMS
  360 
 
 
Naphthalene 25r was synthesized following general procedure C from octayne 20 (33 mg, 0.050 
mmol), (iodoethynyl)benzene (25 mg, 0.11 mmol), and anhydrous CH3CN (2.5 mL). The reaction 
mixture was quenched with saturated ammonium chloride and extracted with DCM. The 
combined organic phase was concentrated, the residue was re-dissolved in DCM, and the product 
was precipitated by addition of MeOH. The diiodonaphthalene 25r (39 mg, 0.042 mmol, 85%) 
was obtained as a white solid by filtration and washing with additional MeOH. 
1H NMR (500 MHz, CDCl3): δ 5.22 (br t, J = 2.5 Hz, 2H, MsNCH2), 5.20 (s, 2H, ArCH2O), 4.79 
(br t, J = 2.6 Hz, 2H, MsNCH2’), 4.37 (s, 2H, ≡CCH2O), 3.32–3.27 (nfom, 2H, ArCH2CH2Ar’), 
3.24–3.19 (nfom, 2H, ArCH2CH2Ar’), 2.86 (s, 3H, SO2CH3), 2.74 (t, J = 6.6 Hz, 2H, 
≡CCH2CH2C’≡), 2.65 (t, J = 6.8 Hz, 2H, ≡CCH2CH2C’≡), 0.91 [s, 9H, SiC(CH3)3], 0.89 [s, 9H, 
SiC(CH3)3], 0.25 [s, 6H, Si(CH3)2], and 0.11 [s, 6H, Si(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 154.5, 151.5, 139.0, 139.0, 137.3, 127.3, 125.5, 118.4, 112.6, 
103.8, 96.4, 78.5, 77.0, 75.4, 72.6, 69.7, 66.3, 55.8, 54.2, 52.2, 40.3, 35.0, 28.8, 26.1, 25.9, 19.9, 
19.7, 18.41, 18.36, -4.6, and -5.0. 
IR (neat): 2954, 2929, 2894, 2857, 2257, 1471, 1463, 1364, 1331, 1255, 1157, 1083, 1058, 953, 
837, 776, and 752 cm-1. 
HRMS (APCI+): Calcd for C37H53I2N2O4SSi2+ [M+NH4+] requires 931.1348; found 931.1344. 





















Ph I + Ph Ph
(confirmed by GC-MS)
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Fluoranthene 25s was obtained following general procedure C from pentayne S20 (40 mg, 0.089 
mmol), cyclooctane (2.2 mL), and CHCl3 (2.2 mL). Purification by MPLC (hexanes:EtOAc, 9:1) 
afforded fluoranthene 25s (35 mg, 0.077 mmol, 87%) as an orange-red solid. 
1H NMR (500 MHz, CDCl3): δ 7.913 (d, J = 7.3 Hz, 1H, H3), 7.93–7.89 (nfom, 1H, H4 or H7), 
7.83–7.79 (nfom, 1H, H7 or H4), 7.64 (d, J = 7.3 Hz, 1H, H2), 7.55–7.51 (nfom, 2H, PhHortho), 
7.47 (dd, J = 7.2, 0.8 Hz, 1H, H10), 7.45–7.41 (m, 3H, PhHmeta+para), 7.37–7.32 (m, 2H, H5 and 
H6), 6.99 (ddd, J = 7.4, 7.4, 0.8 Hz, 1H, H11), 6.76 (ddd, J = 7.6, 7.6, 1.3 Hz, 1H, H12), 5.64 (br 
d, J = 7.7 Hz, 1H, H13), and 0.60 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 195.6, 147.6, 144.1, 144.0, 142.8, 141.0, 140.7, 139.9, 139.8, 
137.9, 136.6, 135.9, 133.7, 133.5, 132.2, 130.2, 129.2, 128.0, 127.87, 127.85, 127.1, 126.3, 126.0, 
124.8, 122.9, 121.3, 121.0, and 2.0. 
IR (neat): 3054, 3027, 2951, 2897, 1706, 1603, 1463, 1445, 1413, 1393, 1263, 1248, 895, 841, 
and 763 cm-1. 
HRMS (APCI+): Calcd for C31H21OSi+ [M-CH3+] requires 437.1356; found 437.1352. 
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Fluoranthene 25t was obtained following general procedure C from pentayne S22 (81 mg, 0.15 
mmol), cyclooctane (3.8 mL), and CHCl3 (3.8 mL). Purification by MPLC (hexanes:EtOAc, 2:1) 
afforded fluoranthene 25t (64 mg, 0.12 mmol, 79%) as a red solid. 
1H NMR (500 MHz, CDCl3): δ 7.75 (d, J = 7.2 Hz, 1H, H3), 7.53 (d, J = 7.2 Hz, 1H, H2), 7.46 (s, 
1H, H4), 7.45 (d, J = 7.0 Hz, 1H, H10), 7.42 (nfod, J = 8.7 Hz, 2H, Ho), 7.30 (s, 1H, H7), 6.98 
(dd, J = 7.2, 7.2 Hz, 1H, H11), 6.96 (nfod, J = 8.6 Hz, 2H, Hm), 6.81 (ddd, J = 7.6, 7.6, 1.2 Hz, 
1H, H12), 5.74 (br d, J = 7.7 Hz, 1H, H13), 4.03 (s, 3H, OCH3), 4.02 (s, 3H, OCH3), 3.85 (s, 3H, 
OCH3), and 0.60 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 195.6, 159.9, 149.4, 148.3, 147.8, 144.1, 143.7, 140.8, 139.8, 
137.8, 136.3, 135.5, 134.1, 133.7, 133.6, 133.4, 132.7, 131.7, 131.3, 127.7, 126.1, 124.8, 122.8, 
120.6, 114.6, 110.2, 104.3, 56.30, 56.27, 55.6, and 2.0. 
IR (neat): 3059, 3000, 2953, 2901, 2834, 1704, 1606, 1513, 1484, 1460, 1440, 1383, 1279, 1248, 
1210, 1175, 1039, 893, 831, and 760 cm-1. 
HRMS (APCI+): Calcd for C34H27O4Si+ [M-CH3+] requires 527.1673; found 527.1671.  
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Fluoranthene 25u was obtained following general procedure C from pentayne S22 (40 mg, 0.075 
mmol), diphenyl disulfide (82 mg, 0.38 mmol), and CHCl3 (3.8 mL). Purification by MPLC 
(hexanes:EtOAc, 4:1) afforded fluoranthene 25u (53 mg, 0.070 mmol, 93%) as a red solid. 
1H NMR (500 MHz, CDCl3): δ 8.02 (s, 1H, H4), 7.48 (d, J = 7.2 Hz, 1H, H10), 7.43 (s, 1H, H7), 
7.41 (d, J = 8.0 Hz, 2H, Ho), 7.14 (t, J = 7.5 Hz, 2H, A-PhHmeta), 7.11–7.03 (m, 5H, A-PhHortho, 
H11, and B-PhHmeta), 7.00 (tt, J = 7.6, 2.3 Hz, 2H, PhHpara), 6.90 (d, J = 7.6 Hz, 2H, B-PhHortho), 
6.86 (d, J = 8.1 Hz, 2H, Hm), 6.83 (dd, J = 7.6, 7.6 Hz, 1H, H12), 5.73 (d, J = 7.8 Hz, 1H, H13), 
3.99 (s, 3H, OCH3), 3.81 (s, 3H, OCH3), 3.76 (s, 3H, OCH3), and 0.61 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 195.4, 160.3, 149.0, 148.6, 147.7, 145.6, 144.3, 144.0, 142.4, 
141.9, 139.9, 139.6, 138.4, 137.7, 135.4, 134.3, 134.0, 133.9, 133.8, 133.3, 133.2, 132.4, 129.2, 
128.9, 127.8, 127.4, 127.4, 126.8, 125.7, 125.6, 125.4, 123.0, 113.5, 109.5, 109.4, 56.2, 56.1, 55.6, 
and 2.1. 
IR (neat): 3003, 2945, 2834, 1706, 1606, 1578, 1511, 1478, 1460, 1438, 1375, 1283, 1247, 1207, 
1176, 1024, 846, and 764 cm-1. 
HRMS (APCI+): Calcd for C46H35O4S2Si+ [M-CH3+] requires 743.1741; found 743.1735.  
Mp: 135–138 ºC. 
______________________________________________________________________________ 
5,6-Dimethoxy-1-(4-methoxyphenyl)-2,3-bis(phenylselanyl)-8-(trimethylsilyl)-9H-
indeno[2,1-b]fluoranthen-9-one (25v) and 7,8-Dimethoxy-16-(4-methoxyphenyl)-10-
(trimethylsilyl)-11H-benzo[b]indeno[1',2':4,5]fluorantheno[2,1-d]selenophen-11-one (25v’) 
 
Fluoranthenes 25v and 25v’ were obtained following general procedure C from pentayne S22 (54 
mg, 0.10 mmol), diphenyl diselenide (47 mg, 0.15 mmol), and toluene (5.0 mL). The crude solid 
mixture was triturated with hexanes:DCM (2:1) three times (ca. 5 mL each). The remaining solid 
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concentrated and the residue was purified by MPLC (hexanes:EtOAc:DCM, 6:1:1) to give 
fluoranthene 25v (30 mg, 0.035 mmol, 35%) as a dark red solid followed by additional 25v’, 
which was combined with the initial portion to give 29 mg (0.042 mmol, 42%) as a bright red 
solid. 
Minor product 25v (faster eluting) 
1H NMR (500 MHz, CDCl3): δ 7.98 (s, 1H, H4), 7.47 (d, J = 7.1 Hz, 1H, H10), 7.41 (s, 1H, H7), 
7.37 (d, J = 8.0 Hz, 2H, Ho), 7.16 (d, J = 7.5 Hz, 2H, A-PhHortho), 7.10–7.02 (m, 8H, B-PhHortho, 
and PhHmeta+para), 6.99 (dd, J = 7.5, 7.5 Hz, 1H, H11), 6.85 (d, J = 8.2 Hz, 2H, Hm), 6.82 (dd, J = 
7.6, 7.6 Hz, 1H, H12), 5.75 (d, J = 7.8 Hz, 1H, H13), 3.98 (s, 3H, OCH3), 3.83 (s, 3H, OCH3), 
3.72 (s, 3H, OCH3), and 0.60 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 195.4, 160.3, 148.6, 148.4, 147.4, 144.4, 144.1, 144.0, 142.3, 
142.2, 141.2, 138.6, 135.7, 135.4, 134.8, 134.3, 134.0, 133.8, 133.6, 133.4, 133.2, 132.7, 130.6, 
129.5, 129.2, 128.7, 127.7, 126.9, 126.4, 125.5, 122.9, 113.6, 109.45, 109.40, 56.1, 56.0, 55.6, 
and 2.2. (one resonance for an sp2-C not discernable) 
IR (neat): 3062, 2996, 2951, 2902, 2832, 1706, 1605, 1578, 1511, 1475, 1461, 1438, 1372, 1282, 
1249, 1206, 1176, 843, and 761 cm-1. 
HRMS (APCI+): Calcd for C46H35O480Se80SeSi+ [M-CH3+] requires 839.0630; found 839.0627. 
Mp: decomposition > ca. 130 ºC.  
______________________________________________________________________________ 
Major product 25v’ (slower eluting) 
1H NMR (500 MHz, CDCl3): δ 7.84 (dd, J = 7.8, 0.8 Hz, 1H, H4), 7.58 (s, 1H, H6), 7.54 (nfod, J 
= 8.6 Hz, 2H, Ho), 7.48 (dd, J = 7.2, 0.9 Hz, 1H, H12), 7.310 (ddd, J = 7.5, 7.5, 0.9 Hz, 1H, H3), 
7.308 (s, 1H, H9), 7.13 (nfod, J = 8.6 Hz, 2H, Hm), 7.05 (ddd, J = 8.4, 7.3, 1.1 Hz, 1H, H2), 7.00 
(ddd, J = 7.3, 7.3, 0.7 Hz, 1H, H13), 6.81 (ddd, J = 7.8, 7.8, 1.1 Hz, 1H, H14), 6.74 (dd, J = 8.3, 
0.8 Hz, 1H, H1), 5.46 (d, J = 7.8 Hz, 1H, H15), 4.13 (s, 3H, OCH3), 4.06 (s, 3H, OCH3), 3.98 (s, 
3H, OCH3), and 0.58 [s, 9H, Si(CH3)3]. 
13C NMR (126 MHz, CDCl3): δ 195.9, 161.1, 149.5, 148.1, 146.9, 145.6, 145.0, 141.4, 139.9, 
139.6, 138.2, 137.1, 135.03, 134.98, 134.4, 133.7, 133.6, 133.3, 133.2, 132.6, 132.5, 128.4, 
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127.63, 127.58, 126.24, 126.16, 125.9, 124.7, 122.8, 115.5, 110.5, 105.6, 56.44, 56.36, 55.9, and 
2.2. (one resonance for an sp2-C not discernable) 
IR (neat): 3059, 2998, 2951, 2834, 1702, 1606, 1512, 1481, 1460, 1374, 1285, 1246, 1213, 1175, 
1031, 915, 844, and 767 cm-1. 
HRMS (APCI+): Calcd for C40H29O480SeSi+ [M-CH3+] requires 681.0995; found 681.0989.  





To a stirred solution of anthracene 16 (12 mg, 19 umol) in CHCl3 (1.9 mL) was added 
trifluoroacetic acid (15 uL, 0.19 mmol) in a dried one dram vial. The vial was capped and stirred 
at room temperature for 14 hours. The crude reaction mixture was directly subjected to flash 
chromatography (hexanes:EtOAc, 3:1), and the oxidized anthracene derivative 27 (6.9 mg, 11 
umol, 57%) was obtained as a brownish solid. 
1H NMR (500 MHz, CDCl3): δ 7.90 (s, 1H, H4), 7.67 (d, J = 5.5 Hz, 1H, H6), 7.18 (d, J = 5.4 Hz, 
1H, H13), 7.14 (d, J = 5.4 Hz, 1H, H12), 7.06 (d, J = 5.5 Hz, 1H, H5), 6.48 (d, J = 1.1 Hz, 1H, 
H11), 6.30 (d, J = 1.1 Hz, 1H, H8), 5.81 [d, J = 16.3 Hz, 1H, CHaHbO(C=O)], 5.76 [d, J = 16.3 
Hz, 1H, CHaHbO(C=O)], 5.48 (d, J = 12.9 Hz, 1H, CHaHbOTBS), 5.34 (d, J = 12.9 Hz, 1H, 
CHaHbOTBS), 4.30 (q, J = 7.1 Hz, 2H, OCH2CH3), 4.28 (q, J = 7.2 Hz, 2H, OCH2CH3), 1.34 (t, J 
= 7.1 Hz, 3H, OCH2CH3), 1.33 (t, J = 7.0 Hz, 3H, OCH2CH3), 0.92 [s, 9H, SiC(CH3)3], 0.27 [s, 
3H, Si(CH3)a(CH3)b], and 0.07 [s, 3H, Si(CH3)a(CH3)b]. 
13C NMR (126 MHz, CDCl3): δ 171.5, 162.3, 161.8, 149.3, 148.3, 146.9, 143.4, 142.5, 142.2, 
138.2, 136.6, 133.1, 132.23, 132.18, 131.9, 129.8, 129.7, 128.9, 126.5, 126.4, 125.4, 119.4, 118.2, 
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IR (neat): 2953, 2928, 2857, 1764, 1736, 1634, 1470, 1445, 1370, 1258, 1212, 1104, 1078, 1019, 
853, 841, and 780 cm-1. 
HRMS (APCI+): Calcd for C37H37O8Si+ [M+H+] requires 637.2252; found 637.2242.  




To a stirred solution of the fluoranthene-ketone 25s (32 mg, 0.071 mmol) in o-DCB (5.2 mL), 
methanesulfonic acid (1.8 mL) was added dropwise under a nitrogen atmosphere. This reaction 
mixture was heated at 80 °C for 30 min, at which time phenol (66 mg, 0.70 mmol) was added, 
again under nitrogen. The temperature was raised to 150 °C and kept for 24 hours. The reaction 
mixture was quenched by addition of deionized water, extracted with DCM (x3), dried, and 
concentrated. Purification by step-gradient flash chromatography [hexanes (to remove o-DCB); 
then hexanes:EtOAc, 10:1] afforded the spirocyclic xanthene 28 (20 mg, 0.038 mmol, 54%) as a 
yellow solid. A single crystal suitable for X-ray diffraction analysis was obtained by slow 
evaporation of a solution of 28 in toluene (CCDC deposition number: 1818243). 
1H NMR (500 MHz, CDCl3): δ 8.79 (d, J = 0.9 Hz, 1H, H1), 8.40 (d, J = 7.8 Hz, 1H, H13), 8.21 
(d, J = 0.9 Hz, 1H, H3), 7.91 (d, J = 7.2 Hz, 1H, H4), 7.88 (dd, J = 8.0, 1.0 Hz, 2H, Ho), 7.714 (d, 
J = 7.4 Hz, 1H, H7), 7.706 (s, 1H, H8), 7.61 (dd, J = 7.6, 7.6 Hz, 2H, Hm), 7.50 (tt, J = 7.4, 1.1 Hz, 
1H, Hp), 7.49–7.45 (nfom, 1H, H12), 7.34 (ddd, J = 7.5, 7.5, 1.2 Hz, 1H, H5), 7.300 (ddd, J = 7.3, 
7.3, 1.1 Hz, 1H, H6), 7.296 (dd, J = 8.3, 1.2 Hz, 2H, H4’), 7.27–7.25 (m, 2H, H11 and H10), 7.23 
(ddd, J = 8.5, 7.1, 1.5 Hz, 2H, H3’), 6.77 (ddd, J = 8.1, 7.2, 1.3 Hz, 2H, H2’), and 6.51 (dd, J = 
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13C NMR (126 MHz, CDCl3): δ 157.4, 156.8, 151.8, 142.8, 142.4, 140.3, 139.8, 139.4, 138.4, 
138.0, 135.7, 132.5, 129.2, 128.5, 128.23, 128.20, 128.12, 128.07, 128.0, 127.8, 127.77, 126.1, 
125.9, 123.6, 123.0, 122.9, 121.9, 121.6, 120.4, 118.6, 117.1, 116.9, and 54.7.  
IR (neat): 3085, 3065, 3054, 3038, 1601, 1572, 1479, 1458, 1443, 1312, 1287, 1245, 1152, 1125, 
882, and 752 cm-1. 
HRMS (APCI+): Calcd for C41H25O+ [M+H+] requires 533.1900; found 533.1908.  
Mp: > 350 ºC (sublimation > ca. 300 ºC). 
_____________________________________________________________________________ 
(±)-15-(4-Chlorophenyl)-16,21-dihydro-6H-16,21-[1,2]benzenoindeno[1',2':2,3]fluoreno[9,1-




Tetracene 30 was obtained following general procedure C from nonayne 29 (73 mg, 0.10 mmol), 
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(hexanes to hexanes:EtOAc, 40:1) followed by washing of the solid with cold MeOH afforded 
tetracene 30 (80 mg, 0.088 mmol, 88%) as an amorphous dark green solid. Tetracene 30 exists as 
an interconverting diastereomeric mixture, and the ratio of the two isomers is determined by 1H 
NMR analysis (1.8:1 in CDCl3, and 1:1.3 in d6-benzene).  
IR (neat): 3066, 2922, 2853, 1708, 1601, 1482, 1459, 1450, 1407, 1219, 1193, 1092, 1016, 938, 
and 770 cm-1. 
Because the complexity of the NMR spectra of 30 due to the presence of a mixture of topological 
isomers that interconverted rapidly on the laboratory time-scale, rendering them inseparable, and 
because it also ionized poorly by ESI or APCI, the compound was converted directly into the 
desilylated derivative 31, which was fully characterized. 
To a stirred solution of tetracene 30 (80 mg, 0.088 mmol) in CHCl3 (10 mL), methanesulfonic 
acid (28 uL, 0.43 mmol) was added and the solution was stirred for 3 hours. The reaction was 
quenched by the addition of deionized water, extracted with DCM (x3), and dried. The crude 
material was passed through a short silica plug (DCM), concentrated in vacuo, and rinsed with 
MeOH. Tetracene 31 (71 mg, 0.085 mmol, 96%) was obtained as an amorphous dark green solid 
by a simple filtration to remove the MeOH without any further purification. Tetracene 31 exists 
also as a diastereomeric mixture, but the ratio of the two isomers in CDCl3 is changed to 47:1. 
Multiple attempts to grow crystals from various solvents and solvent pairs failed to yield a single 
crystal, always resulting in amorphous solid. 
1H NMR (500 MHz, CDCl3): δ 8.59 (d, J = 7.6 Hz, 1H, H22), 8.14 (s, 1H, H5), 8.06 (d, J = 7.7 
Hz, 1H, H4), 7.85 (d, J = 7.4 Hz, 1H, H25), 7.82 (d, J = 6.9 Hz, 1H, H1), 7.80 (dd, J = 8.2, 2.2 Hz, 
1H, Cl-ArH), 7.75 (d, J = 7.6 Hz, 1H, ArHo), 7.71 (dd, J = 8.0, 1.9 Hz, 1H, Cl-ArH), 7.68–7.63 
(m, 3H, ArH), 7.62–7.58 (m, 2H, ArH), 7.53 (ddd, J = 7.6, 7.6, 0.7 Hz, 1H, ArHm), 7.40–7.37 
(nfom, 1H, ArH), 7.35 (dd, J = 8.0, 1.9 Hz, 1H, Cl-ArH), 7.29 (ddd, J = 7.5, 7.5, 0.9 Hz, 1H, 
ArHm), 7.28 (ddd, J = 7.6, 7.6, 1.2 Hz, 1H, ArHm), 7.25 (dd, J = 7.7, 1.1 Hz, 1H, ArHo), 7.211 
(ddd, J = 7.8, 7.8, 1.1 Hz, 1H, ArHm), 7.208 (ddd, J = 7.4, 7.4, 1.2 Hz, 1H, ArHm), 7.19–7.16 (m, 
2H, ArH), 7.15 (ddd, J = 7.5, 7.5, 1.2 Hz, 1H, ArHm), 7.10 (ddd, J = 7.4, 7.4, 1.1 Hz, 1H, ArHm), 
6.90 (ddd, J = 7.6, 7.6, 0.6 Hz, 1H, H12), 6.65 (ddd, J = 7.9, 7.9, 1.0 Hz, 1H, H13), 6.61 (s, 1H, 
bridgehead-HB), 5.67 (d, J = 7.9 Hz, 1H, H14), and 5.66 (s, 1H, bridgehead-HA). 
13C NMR (126 MHz, CDCl3): δ 194.3, 145.8, 145.6, 145.2, 143.5, 143.2, 143.0, 142.8, 140.7, 
140.4, 139.9, 139.8, 139.6, 139.51, 139.46, 139.34, 139.27, 138.3, 138.0, 137.1, 136.9, 136.3, 
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136.1, 134.7, 134.2, 134.0, 133.9, 133.8, 133.6, 133.2, 133.1, 132.7, 132.1, 132.0, 130.9, 129.9, 
129.6, 129.0, 128.8, 128.2, 127.9, 127.5, 127.43, 127.35, 127.24, 127.16, 126.9, 126.8, 126.6, 
126.6, 126.4, 125.6, 124.5, 124.2, 123.6, 123.3, 121.4, 120.7, 119.8, 119.1, 114.6, 51.4, and 50.3.  
IR (neat): 3066, 2924, 2852, 1708, 1603, 1482, 1459, 1450, 1407, 1264, 1193, 1092, 1016, and 
938, and 759 cm-1. 
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Tetracene 32 was obtained following general procedure C from nonayne 29 (73 mg, 0.10 mmol), 
1,3-diphenyl-2H-cyclopenta[l]phenanthren-2-one (191 mg, 0.50 mmol), and CHCl3 (10 mL). One 
deviation was that the reaction vessel was kept in the dark to avoid light-induced autoxidation of 
the trapping agent, 1,3-diphenyl-2H-cyclopenta[l]phenanthren-2-one. Purification by flash 
chromatography (hexanes:EtOAc:DCM, 40:1:1, to toluene:DCM, 10:1) followed by precipitation 
from DCM/MeOH afforded tetracene 32 (67 mg, 0.060 mmol, 60%) as an amorphous dark green 
solid. Tetracene 32 exists as an interconverting diastereomeric mixture, and the ratio of the two 
isomers was determined by NMR analysis (4:1 in CDCl3, and 8:1 in d6-benzene). 
1H NMR (500 MHz, C6D6): δ 9.02 (d, J = 8.3 Hz, 0.9H, ArHo), 8.98 (d, J = 8.4 Hz, 0.1H, ArHo), 
8.84 (d, J = 8.3 Hz, 0.9H, ArHo), 8.78 (d, J = 8.4 Hz, 0.1H, ArHo), 8.64 (d, J = 8.3 Hz, 0.9H, 
ArHo), 8.61 (d, J = 8.3 Hz, 0.1H, ArHo), 8.55 (d, J = 8.3 Hz, 0.9H, ArHo), 8.52 (d, J = 8.3 Hz, 
0.1H, ArHo), 8.45 (d, J = 8.2 Hz, 0.1H, ArHo), 8.39–8.34 (m, 1H, ArH), 8.30 (d, J = 7.5 Hz, 1H, 
ArHo), 8.23 (d, J = 7.6 Hz, 0.9H, ArHo), 8.16 (d, J = 7.4 Hz, 0.1H, ArHo), 8.06 (d, J = 7.5 Hz, 
0.1H, ArHo), 8.00 (d, J = 7.4 Hz, 1H, ArHo), 7.99 (d, J = 7.4 Hz, 1H, ArHo), 7.95 (d, J = 7.4 Hz, 
1H, ArHo), 7.85 (d, J = 8.2 Hz, 0.1H, ArHo), 7.83 (d, J = 8.0 Hz, 0.1H, ArHo), 7.780 (dd, J = 7.6, 
0.9 Hz, 0.9H, ArHo), 7.775 (d, J = 7.4 Hz, 1H, ArHo), 7.70 (dd, J = 7.8, 2.1 Hz, 0.9H, Cl-ArH), 
7.57 (dd, J = 7.2, 0.7 Hz, 1H, ArHo), 7.54 (dd, J = 7.9, 7.9 Hz, 1H, ArHm), 7.51 (ddd, J = 8.2, 8.2, 
1.2 Hz, 1H, ArHm), 7.42 (ddd, J = 7.9, 7.9, 0.7 Hz, 1H, ArHm), 7.41 (ddd, J = 8.2, 8.2, 1.0 Hz, 1H, 
ArHm), 7.35 (ddd, J = 8.2, 8.2, 1.0 Hz, 1H, ArHm), 7.34 (dd, J = 7.8, 2.0 Hz, 1H, Cl-ArH), 7.30 
(dd, J = 7.8, 2.0 Hz, 1H, Cl-ArH), 7.25–7.21 (nfom, 2H, ArH, overlapped with solvent), 7.20–
7.18 (m, 3H, ArH, overlapped with solvent), 7.10 (ddd, J = 7.5, 7.5, 0.7 Hz, 1H, ArHm), 7.09 (ddd, 
J = 7.8, 7.8, 1.0 Hz, 1H, ArHm), 7.04 (dd, J = 7.5, 7.5 Hz, 1H, ArHm), 7.02–6.98 (m, 3H, ArH), 
6.91 (dd, J = 7.4, 7.4 Hz, 1H, ArHm), 6.81 (d, J = 7.7 Hz, 1H, H24 or H26), 6.80 (ddd, J = 7.4, 7.4, 
1.1 Hz, 1H, ArHm), 6.75 (d, J = 7.4 Hz, 1H, H26 or H24), 6.73 (d, J = 7.4 Hz, 1H, H17), 6.68 (dd, 
J = 7.4, 7.4 Hz, 1H, H12), 6.59 (ddd, J = 8.1, 8.1, 0.7 Hz, 1H, H13), 5.79 (d, J = 8.0 Hz, 0.9H, 
H14), 5.67 (d, J = 7.9 Hz, 0.1H, H14), 0.83 [s, 9x0.9H, Si(CH3)3], and 0.73 [s, 9x0.1H, Si(CH3)3]. 
13C NMR (126 MHz, C6D6): δ 196.9, 194.8, 150.6, 146.5, 144.8, 144.5, 143.6, 143.3, 142.0, 
141.9, 141.6, 141.4, 141.2, 140.9, 140.8, 139.99, 139.96, 139.7, 139.6, 139.4, 139.2, 138.6, 137.6, 
135.8, 135.5, 135.4, 134.02, 134.00, 133.8, 133.6, 133.3, 133.2, 133.1, 133.0, 132.0, 131.7, 131.6, 
131.3, 131.02, 130.98, 130.9, 130.7, 130.54, 130.52, 130.0, 129.4, 129.0, 128.8, 128.7, 128.6, 
127.5, 127.4, 127.3, 127.2, 127.0, 126.9, 126.8, 126.7, 126.25, 126.16, 126.1, 124.45, 124.38, 
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120.24, 120.19, 114.0, 70.2, 68.7, and 1.7. The best 1D 13C spectrum was recorded with a sample 
that contained toluene as a contaminant, which was very difficult to remove by vacuum treatment. 
IR (neat): 3059, 3026, 2918, 2853, 1794, 1706, 1686, 1602, 1492, 1450, 1406, 1268, 1081, 1015, 
921, and 757 cm-1. 
HRMS (APCI+): Calcd for C81H47ClO2Si•+ [M•+] requires 1114.3028; found 1114.3053. 
To a stirred solution of tetracene 32 (20 mg, 18 umol) in CHCl3 (2.0 mL), methanesulfonic acid 
(5.8 uL, 0.090 mmol) was added. The reaction flask was evacuated and back-filled with N2 three 
times and then heated at 50 °C. After full consumption of the starting material (as indicated by 
TLC, 4 hours), the reaction was quenched by addition of deionized water and extracted with 
DCM (x3). The combined organic layer was dried and concentrated. The crude dark green solid 
32-H was directly used in the following step without further purification. Tetracene 32-H exists 
as an interconverting diastereomeric mixture, and the ratio of the two isomers was determined by 
NMR analysis (5:1 in CDCl3, and 3:1 in d6-benzene). 
A single crystal suitable for X-ray diffraction analysis was obtained by slow evaporation of the 
solution of crude 32-H in EtOAc/DCM. Only one topological isomer is present in the crystal 
(CCDC deposition number: 1818245). 
1H NMR (500 MHz, C6D6): δ 9.02 (d, J = 8.2 Hz, 0.3H, ArHo), 8.96 (d, J = 8.5 Hz, 1H, ArHo), 
8.83 (d, J = 8.4 Hz, 0.3H, ArHo), 8.68 (d, J = 8.4 Hz, 1H, ArHo), 8.64 (d, J = 8.3 Hz, 0.3H, ArHo), 
8.59 (d, J = 8.2 Hz, 1H, ArHo), 8.55 (d, J = 8.3 Hz, 0.3H, ArHo), 8.51 (d, J = 8.2 Hz, 1H, ArHo), 
8.30–8.24 (m, 2.3H, ArH), 8.22 (s, 0.3H, H5), 8.19 (d, J = 7.1 Hz, 1H, ArHo), 8.18 (s, 1H, H5), 
8.05 (d, J = 7.5 Hz, 0.3H, ArHo), 7.97 (d, J = 7.2 Hz, 0.3H, ArHo), 7.96 (d, J = 7.2 Hz, 0.3H, 
ArHo), 7.92 (d, J = 7.5 Hz, 1H, ArHo), 7.74 (d, J = 7.4 Hz, 1H, ArHo), 7.79–7.71 (m, 2H, ArH), 
7.63 (d, J = 7.0 Hz, 0.3H, ArHo), 7.58 (dd, J = 7.5, 0.9 Hz, 1H, ArHo), 7.57–7.32 (m, 11H, ArH), 
7.25–7.20 (m, 3.3H, ArH), 7.11–7.01 (m, 7.3H, ArH), 6.99–6.89 (m, 4.3H, ArH), 6.85–6.73 (m, 
3.3H, ArH), 6.72–6.67 (m, 3H, ArH), 6.65 (ddd, J = 7.5, 7.5, 1.3 Hz, 1H, H13), 6.56 (dd, J = 7.8, 
7.8 Hz, 0.3H, H13), 5.81 (d, J = 8.1 Hz, 0.3H, H14), and 5.77 (d, J = 7.9 Hz, 1H, H14). The 
crystal contains EtOAc and DCM that are difficult to remove. 
13C NMR (126 MHz, C6D6): δ 193.9, 193.2,145.8, 145.5, 145.1, 141.2, 140.9, 140.4, 140.2, 140.0, 
139.8, 139.1, 138.7, 137.9, 137.6, 137.1, 136.5, 136.1, 135.3, 134.2, 133.8, 133.3, 132.8, 132.7, 
131.6, 131.4, 131.1, 130.8, 130.7, 130.5, 129.7, 129.5, 129.3, 128.7, 128.6 (x2), 128.4 (x2), 128.3, 
128.2, 128.1 (x2), 128.0 (x2), 127.7, 127.6 (x2), 127.5 (x2), 127.4, 127.2, 127.0 (x2), 126.9 (x2), 
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126.8 (x2), 126.7, 126.6 (x2), 126.5, 126.4, 126.1, 125.7, 125.3, 124.0, 123.9 (x2), 123.6, 123.3, 
123.1, 121.7, 115.3, 115.0, and 68.1. The crystal contains EtOAc and DCM that are difficult to 
remove. Data are from HSQC (non-highlighted) & HMBC (highlighted) data sets due to limited 
solubility.  
IR (neat): 3052, 3013, 2925, 2855, 1793, 1713, 1601, 1460, 1450, 1409, 1264, 1124, 1092, 845, 
and 759 cm-1. 
HRMS (APCI+): Calcd for C78H40ClO2+ [M+H+] requires 1043.2711; found 1043.2713. 
Mp: > 350 ºC (color change > ca. 270 ºC). 
The crude material was suspended in anhydrous o-DCB (2.0 mL). The reaction vessel was 
evacuated and back-flushed with N2 three times and then heated at 180 °C (became a 
homogeneous solution) for 24 hours. Purification by directly subjecting to flash chromatography 
(hexanes:EtOAc, 50:1 to 20:1) followed by precipitation from DCM/MeOH afforded 
dibenzohexacene 33 (13 mg, 13 umol, 73%) as a cherry-red amorphous solid. Dibenzohexacene 
33 exists also as a diastereomeric mixture, the ratio of the two isomers is 1:1.1 in CDCl3, and 
1:1.4 in d6-benzene.  
1H NMR (500 MHz, CDCl3): δ 8.20 (s, 0.5H, H5), 8.18 (s, 0.5H, H5), 8.14–8.02 (m, 3H, ArH), 
7.99 (dd, J = 7.1, 7.1 Hz, 1H, ArHm), 7.91 (dd, J = 7.8, 7.8 Hz, 1H, ArHm), 7.84 (d, J = 7.8 Hz, 
0.5H, ArHo), 7.84 (d, J = 7.5 Hz, 0.5H, ArHo), 7.71 (d, J = 7.2 Hz, 1H, ArHo), 7.67 (dd, J = 8.1, 
8.1 Hz, 1H, ArHm), 7.55 (d, J = 8.3 Hz, 0.5H, ArHo), 7.49–7.28 (m, 9H, ArH), 7.25–7.19 (m, 2H, 
ArH), 7.12 (d, J = 8.3 Hz, 0.5H, ArHo), 7.08 (d, J = 8.0 Hz, 0.5H, ArHo), 7.06–6.83 (m, 6.5H, 
ArH), 6.83–6.72 (m, 3.5H, ArH), 6.72–6.64 (m, 2H, ArH), 6.63–6.57 (m, 1H, ArH), 6.54 (dd, J = 
7.8, 7.8 Hz, 0.5H, H13), 6.48 (dd, J = 7.7, 7.7 Hz, 0.5H, H13), 6.45 (d, J = 8.1 Hz, 0.5H, H17), 
6.392 (d, J = 7.6 Hz, 0.5H, H26), 6.388 (d, J = 7.9 Hz, 0.5H, H26), 5.52 (d, J = 7.8 Hz, 0.5H, 
H14), and 5.41 (d, J = 7.9 Hz, 0.5H, H14). 
1H NMR (500 MHz, C6D6): δ 8.323 (d, J = 7.7 Hz, 0.4H, ArHo), 8.318 (d, J = 7.4 Hz, 0.6H, 
ArHo), 8.21 (d, J = 7.7 Hz, 0.6H, ArHo), 8.18 (s, 0.6H, H5), 8.13 (s, 0.4H, H5), 8.06 (d, J = 7.5 
Hz, 0.4H, ArHo), 8.00 (d, J = 7.3 Hz, 0.6H, ArHo), 7.95–7.89 (m, 2.4H, ArH), 7.78 (d, J = 7.2 Hz, 
0.6H, ArHo), 7.75 (d, J = 7.8 Hz, 0.6H, ArHo), 7.62 (dd, J = 7.2, 7.2 Hz, 1H, ArHm), 7.57–7.48 (m, 
2.6H, ArH), 7.45 (d, J = 8.1 Hz, 0.6H, ArHo), 7.37 (d, J = 7.4 Hz, 0.4H, ArHo), 7.26 (d, J = 8.1 
Hz, 0.9H, ArHo, overlapped with solvent), 7.10–7.01 (m, 5.8H, ArH), 6.98 (dd, J = 7.3, 7.3 Hz, 
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1H, ArHm), 6.95–6.81 (m, 4H, ArH), 6.80–6.45 (m, 14.4H, ArH), 6.37 (d, J = 7.8 Hz, 0.4H, H26), 
5.82 (d, J = 7.9 Hz, 0.4H, H14), and 5.72 (d, J = 7.9 Hz, 0.6H, H14). 
13C NMR (126 MHz, CDCl3): δ 194.4, 145.7, 145.5, 145.1, 144.9, 141.6, 141.1, 141.0, 140.8, 
140.3, 140.1, 139.8, 139.5, 139.3, 138.9, 138.7, 138.5, 138.3, 138.1, 138.0, 137.7, 137.4, 136.8, 
134.6, 134.2, 134.0, 133.6 (x2), 133.4, 133.1, 132.9, 132.5, 132.3, 131.9, 131.0, 130.8, 130.1, 
129.9, 129.4, 129.0 (x2), 128.8, 128.6, 128.3 (x2), 128.2, 128.0 (x2), 127.8, 127.6 (x2), 127.3 
(x2), 127.2, 127.1, 127.0 (x2), 126.8, 126.5, 126.4, 126.3, 126.2, 126.0 (x2), 125.5, 125.4, 125.0, 
124.8, 123.9, 123.6, 121.3, 121.0, and 114.6 (x2). Data are from HSQC (non-highlighted) & 
HMBC (highlighted) data sets. 
IR (neat): 2956, 2923, 2852, 1712, 1668, 1646, 1598, 1465, 1405, 1259, 1087, 1015, 801, and 
760 cm-1. 
HRMS (APCI+): Calcd for C77H39ClO•+ [M•+] requires 1014.2684; found 1014.2688. 
Computational methods 
The DFT calculations were performed using Gaussian 09. The geometry of each structure 
(including the transition states) was optimized at the B3LYP/6-31G(d) level of theory in 
the gas phase. The nature of the optimized structure was verified by frequency calculation 
(298K, at the same level of theory). For complex tetracene and hexacene derivatives, 
single point calculations were done at the B3LYP-D3BJ/6-31G(d,p) level of theory with 
SMD(chloroform) solvation model to obtain more accurate results. NMR calculations 
were done at the WP04/cc-pvdz level of theory with SMD(chloroform) for the already 
optimized structures from the above methods. Listed on the following pages are the zero-
point correction, thermal correction to Gibbs free energy, the sum of the electronic and 
thermal free energies, and the Cartesian coordinates at B3LYP/6-31G(d), for each 
structure. For the tetracene and hexacene derivatives, electronic energy at 
SMD(chloroform)/B3LYP-D3BJ/6-31G(d,p) is also included. The three dimensional 
views of all the transition states and several global minimum structures were visualized 
using CYLview. 
benz-1 
Zero-point correction=                         0.274922 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.231147 
Sum of electronic and thermal Free Energies=      -1021.848746 
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--------------------------------------------------------------------- 
 Center     Atomic      Atomic            Coordinates (Angstroms) 
 Number    Number      Type            X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -1.077429    2.404586    0.000000 
      2          6           0       -2.148670    1.754044    0.000000 
      3          6           0       -2.471187    0.414681    0.000000 
      4          6           0       -1.252227   -0.377842    0.000000 
      5          6           0       -0.006858    0.300973    0.000000 
      6          6           0        0.129107    1.732582    0.000000 
      7          6           0        1.541655    2.135582    0.000000 
      8          6           0        2.318430    0.968012    0.000000 
      9          6           0        1.416919   -0.227542    0.000000 
     10          8           0        1.806996   -1.380573    0.000000 
     11          6           0       -3.905630   -0.056720    0.000000 
     12         14           0       -1.522421   -2.306598    0.000000 
     13          6           0       -0.052645   -3.489162    0.000000 
     14          6           0       -2.471187   -2.744625    1.589148 
     15          6           0       -2.471187   -2.744625   -1.589148 
     16          6           0        2.148036    3.385664    0.000000 
     17          6           0        3.549996    3.439484    0.000000 
     18          6           0        4.321348    2.272720    0.000000 
     19          6           0        3.703969    1.013994    0.000000 
     20          1           0       -4.019529   -1.136941    0.000000 
     21          1           0       -4.428094    0.335203    0.880983 
     22          1           0       -4.428094    0.335203   -0.880983 
     23          1           0       -0.486267   -4.499937    0.000000 
     24          1           0        0.585647   -3.389731   -0.879797 
     25          1           0        0.585647   -3.389731    0.879797 
     26          1           0       -2.754948   -3.804569    1.566121 
     27          1           0       -1.806164   -2.608548    2.451241 
     28          1           0       -3.375886   -2.161845    1.780185 
     29          1           0       -2.754948   -3.804569   -1.566121 
     30          1           0       -3.375886   -2.161845   -1.780185 
     31          1           0       -1.806164   -2.608548   -2.451241 
     32          1           0        1.554449    4.295642    0.000000 
     33          1           0        4.045493    4.406754    0.000000 
     34          1           0        5.405270    2.344835    0.000000 




Zero-point correction=                         0.433990 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.376156 
Sum of electronic and thermal Free Energies=      -1596.931775 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic          Coordinates (Angstroms) 
 Number    Number     Type           X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -3.812408    3.292666   -1.538641 
      2          6           0       -4.196383    1.951693   -1.560628 
      3          6           0       -3.323706    0.927302   -1.157358 
      4          6           0       -2.049415    1.266205   -0.708355 
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      5          6           0       -1.664072    2.620913   -0.733937 
      6          6           0       -2.515023    3.636276   -1.136128 
      7          6           0       -0.216839    2.712574   -0.404146 
      8          6           0        0.239713    1.310183   -0.128791 
      9          6           0       -0.864629    0.452589   -0.290221 
     10          6           0       -0.675546   -0.962578   -0.172379 
     11          6           0        0.696560   -1.338628   -0.271695 
     12          6           0        1.813470   -0.449096   -0.167122 
     13          6           0        1.595363    0.910127    0.083373 
     14          8           0        0.470237    3.721277   -0.460815 
     15         14           0        2.876035    2.104555    0.903426 
     16          6           0        3.959982    1.098888    2.097782 
     17          6           0        3.909208    3.018480   -0.390755 
     18          6           0        2.018718    3.324428    2.074206 
     19          6           0       -1.688882   -2.015697   -0.008430 
     20          6           0       -1.089372   -3.238596   -0.207361 
     21          6           0        0.118220   -3.565342   -0.343369 
     22          6           0        1.176058   -2.692680   -0.370729 
     23          6           0       -3.073695   -1.853039    0.469408 
     24          6           0       -3.399786   -0.917932    1.466757 
     25          6           0       -4.700827   -0.832098    1.958398 
     26          6           0       -5.698083   -1.676002    1.465353 
     27          6           0       -5.382807   -2.618640    0.483069 
     28          6           0       -4.081566   -2.711902   -0.004533 
     29          6           0        3.025977   -1.289310   -0.340051 
     30          6           0        2.629253   -2.655600   -0.438062 
     31          6           0        3.560259   -3.669577   -0.643944 
     32          6           0        4.908932   -3.327383   -0.777790 
     33          6           0        5.303784   -1.987078   -0.734266 
     34          6           0        4.369429   -0.965075   -0.526163 
     35          1           0       -4.509704    4.063511   -1.854170 
     36          1           0       -5.192445    1.685013   -1.903867 
     37          1           0       -3.654282   -0.101216   -1.212604 
     38          1           0       -2.164235    4.664329   -1.149685 
     39          1           0        4.569633    0.308196    1.658870 
     40          1           0        4.636388    1.794924    2.611228 
     41          1           0        3.330520    0.638473    2.869609 
     42          1           0        4.645853    3.669857    0.095766 
     43          1           0        4.452645    2.342258   -1.060628 
     44          1           0        3.253839    3.646710   -1.002558 
     45          1           0        2.768033    3.719045    2.772551 
     46          1           0        1.552685    4.161734    1.553771 
     47          1           0        1.249923    2.825039    2.676917 
     48          1           0       -2.625763   -0.271116    1.867427 
     49          1           0       -4.934299   -0.107580    2.733745 
     50          1           0       -6.712168   -1.605569    1.849034 
     51          1           0       -6.151022   -3.284309    0.098893 
     52          1           0       -3.832222   -3.447026   -0.765187 
     53          1           0        3.238885   -4.705201   -0.714497 
     54          1           0        5.650486   -4.104970   -0.938171 
     55          1           0        6.350116   -1.729942   -0.874454 
     56          1           0        4.699433    0.067434   -0.534389 
 --------------------------------------------------------------------- 
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benz-2 
Zero-point correction=                         0.199110 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.158427 
Sum of electronic and thermal Free Energies=      -866.104187 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic           Coordinates (Angstroms) 
 Number   Number      Type            X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        2.040976    0.997750    0.000000 
      2          6           0        1.570692   -0.167037    0.000000 
      3          6           0        0.336507   -0.784862    0.000000 
      4          6           0       -0.625870    0.270983    0.000000 
      5          6           0       -0.235104    1.617183    0.000000 
      6          6           0        1.107423    2.032514    0.000000 
      7          6           0        1.140281    3.534267    0.000000 
      8          8           0       -0.245434    3.927223    0.000000 
      9          6           0       -1.083976    2.832026    0.000000 
     10          8           0       -2.284164    2.939766    0.000000 
     11         14           0       -0.077242   -2.639802    0.000000 
     12          6           0       -1.083976   -3.029040    1.551308 
     13          6           0       -1.083976   -3.029040   -1.551308 
     14          6           0        1.556163   -3.585870    0.000000 
     15          1           0       -1.687004    0.032068    0.000000 
     16          1           0        1.624146    3.954988   -0.889250 
     17          1           0        1.624146    3.954988    0.889250 
     18          1           0       -1.355345   -4.091436    1.581968 
     19          1           0       -0.517814   -2.802874    2.462085 
     20          1           0       -2.014364   -2.450014    1.586416 
     21          1           0       -1.355345   -4.091436   -1.581968 
     22          1           0       -2.014364   -2.450014   -1.586416 
     23          1           0       -0.517814   -2.802874   -2.462085 
     24          1           0        1.381603   -4.668438    0.000000 
     25          1           0        2.157751   -3.348444   -0.885306 




Zero-point correction=                         0.264672 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.220730 
Sum of electronic and thermal Free Energies=      -806.375961 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic            Coordinates (Angstroms) 
 Number    Number     Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -0.225558   -0.236264    0.000403 
      2          6           0        0.713491   -1.321656    0.000508 
      3          6           0        2.127798   -1.172122    0.000391 
      4          6           0        2.678468    0.086147   -0.000053 
      5          6           0        1.772079    1.172839    0.000053 
      6          6           0        0.395513    1.047585    0.000388 
      7          6           0       -0.183853    2.443020    0.000606 
      8          1           0       -0.788572    2.663231   -0.886677 
      9          1           0       -0.787683    2.663245    0.888494 
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     10          6           0        2.122552    2.609673   -0.000240 
     11          8           0        0.946646    3.326405    0.000113 
     12          8           0        3.206043    3.139068   -0.000669 
     13          6           0        2.779114   -2.546902    0.000671 
     14          6           0        1.595265   -3.573286   -0.000906 
     15          1           0        1.625116   -4.230097    0.876464 
     16          1           0        1.625223   -4.227423   -0.880289 
     17          1           0        3.748040    0.274458   -0.000461 
     18          1           0        3.423065   -2.679471   -0.876322 
     19          1           0        3.420554   -2.679878    0.879473 
     20          6           0        0.359207   -2.707333    0.000004 
     21          6           0       -1.003052   -2.839116   -0.000532 
     22          6           0       -1.824701   -1.882483   -0.000270 
     23          6           0       -1.654712   -0.521664   -0.000135 
     24          6           0       -2.745540    0.520415   -0.001026 
     25          6           0       -4.156345   -0.082891    0.002050 
     26          6           0       -5.258836    0.978732   -0.000963 
     27          1           0       -4.264815   -0.736516   -0.873390 
     28          1           0       -5.192497    1.626419    0.881884 
     29          1           0       -2.632216    1.176659    0.874199 
     30          1           0       -2.634312    1.172556   -0.879653 
     31          1           0       -4.263651   -0.730378    0.882172 
     32          1           0       -5.193777    1.619953   -0.888606 




Zero-point correction=                         0.254519 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.214999 
Sum of electronic and thermal Free Energies=      -769.191121 
--------------------------------------------------------------------- 
 Center        Atomic      Atomic             Coordinates (Angstroms) 
 Number       Number      Type         X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -1.479583   -2.427562    0.000440 
      2          6           0       -0.738292   -1.249900    0.000129 
      3          6           0        0.738275   -1.249871    0.000013 
      4          6           0        1.479622   -2.427542   -0.000119 
      5          6           0       -1.439419    0.000015   -0.000047 
      6          6           0       -0.738308    1.249961    0.000065 
      7          6           0        0.738300    1.249976    0.000167 
      8          6           0        1.439407    0.000010   -0.000001 
      9          6           0       -2.874689   -0.000017   -0.000202 
     10          6           0       -3.575683    1.232509   -0.000336 
     11          6           0       -2.886193    2.422691   -0.000197 
     12          6           0       -1.479681    2.427567    0.000033 
     13          6           0        1.479658    2.427575    0.000331 
     14          6           0        2.886187    2.422696    0.000221 
     15          6           0        3.575676    1.232534   -0.000075 
     16          6           0        2.874695   -0.000025   -0.000151 
     17          6           0        3.575633   -1.232541   -0.000262 
     18          6           0        2.886096   -2.422744   -0.000218 
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     19          6           0       -2.886083   -2.422737    0.000273 
     20          6           0       -3.575619   -1.232570   -0.000119 
     21          1           0       -4.662658    1.217674   -0.000545 
     22          1           0       -3.421430    3.368347   -0.000240 
     23          1           0       -0.977584    3.388309    0.000217 
     24          1           0        0.977576    3.388323    0.000528 
     25          1           0        3.421403    3.368365    0.000382 
     26          1           0        4.662651    1.217663   -0.000232 
     27          1           0        4.662610   -1.217782   -0.000540 
     28          1           0        3.421347   -3.368387   -0.000172 
     29          1           0       -3.421297   -3.368405    0.000456 
     30          1           0       -4.662595   -1.217778   -0.000324 
     31          1           0        0.977381   -3.388218   -0.000061 





One imaginary frequency:                      -275.43 cm-1 
Zero-point correction=                         0.689638 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=         0.614663 
Sum of electronic and thermal Free Energies=      -2366.088604 
--------------------------------------------------------------------- 
 Center        Atomic      Atomic            Coordinates (Angstroms) 
 Number       Number      Type         X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -4.595185    4.644160    1.950915 
      2          6           0       -3.207658    4.672330    1.818652 
      3          6           0       -2.491160    3.585474    1.289862 
      4          6           0       -3.184791    2.453163    0.868584 
      5          6           0       -4.582163    2.427833    1.054672 
      6          6           0       -5.297305    3.490401    1.579504 
      7          6           0       -5.082898    1.069310    0.731266 
      8          6           0       -3.890158    0.277365    0.294825 
      9          6           0       -2.757087    1.112544    0.340555 
     10          6           0       -1.474115    0.556949   -0.004077 
     11          6           0       -1.465779   -0.864594    0.026655 
     12          6           0       -2.625518   -1.698796    0.106214 
     13          6           0       -3.898908   -1.129114    0.046618 
     14          8           0       -6.225972    0.666319    0.893558 
     15         14           0       -5.483828   -2.031330   -0.589231 
     16          6           0       -4.966853   -3.384913   -1.821671 
2.33 Å
2.42 Å
  379 
 
     17          6           0       -6.517532   -2.752335    0.821844 
     18          6           0       -6.517972   -0.873054   -1.678664 
     19          6           0       -0.224837    1.226969   -0.350637 
     20          6           0        0.832989    0.353032   -0.536510 
     21          6           0        0.833349   -0.948429   -0.439700 
     22          6           0       -0.290649   -1.678287   -0.116408 
     23          6           0        2.812525    1.010918   -1.759870 
     24          6           0        3.768075    0.332028   -0.965669 
     25          6           0        3.723576   -1.091479   -0.817251 
     26          6           0        2.720068   -1.855966   -1.463365 
     27          6           0        4.754370    1.092161   -0.252586 
     28          6           0        5.690416    0.453431    0.617487 
     29          6           0        5.637788   -1.004949    0.776932 
     30          6           0        4.657958   -1.748947    0.050738 
     31          6           0        4.814925    2.510219   -0.438976 
     32          6           0        5.790430    3.260877    0.245182 
     33          6           0        6.685007    2.633848    1.095664 
     34          6           0        6.635251    1.248286    1.276516 
     35          6           0        6.522785   -1.703573    1.606657 
     36          6           0        6.474736   -3.095176    1.726180 
     37          6           0        5.540984   -3.827286    1.011534 
     38          6           0        4.622747   -3.175120    0.168373 
     39          6           0        3.664216   -3.916364   -0.594157 
     40          6           0        2.754420   -3.282774   -1.388341 
     41          6           0        2.920929    2.417512   -1.964868 
     42          6           0        3.888064    3.139205   -1.327326 
     43          6           0       -0.122603    2.686440   -0.599469 
     44          6           0       -0.937434    3.306163   -1.560199 
     45          6           0       -0.837300    4.676265   -1.801368 
     46          6           0        0.070657    5.451806   -1.076878 
     47          6           0        0.890904    4.844622   -0.122991 
     48          6           0        0.804772    3.470969    0.104122 
     49          6           0       -2.127544   -3.085284    0.219776 
     50          6           0       -0.707666   -3.073082    0.095041 
     51          6           0        0.024884   -4.240570    0.300813 
     52          6           0       -0.649540   -5.427358    0.606574 
     53          6           0       -2.039121   -5.439787    0.744156 
     54          6           0       -2.780525   -4.266608    0.569843 
     55          1           0       -5.123068    5.500764    2.360453 
     56          1           0       -2.655678    5.553192    2.136197 
     57          1           0       -1.414818    3.649293    1.231516 
     58          1           0       -6.372612    3.405619    1.709262 
     59          1           0       -5.879601   -3.813871   -2.256001 
     60          1           0       -4.396962   -2.941616   -2.647805 
     61          1           0       -4.373581   -4.206750   -1.418479 
     62          1           0       -6.877955   -1.943935    1.465376 
     63          1           0       -7.389454   -3.286304    0.423702 
     64          1           0       -5.952126   -3.455859    1.443971 
     65          1           0       -7.190110   -1.481454   -2.297411 
     66          1           0       -7.118579   -0.168449   -1.102524 
     67          1           0       -5.880561   -0.300297   -2.363832 
     68          1           0        5.830034    4.337010    0.096119 
     69          1           0        7.435287    3.215020    1.624626 
  380 
 
     70          1           0        7.357608    0.793990    1.945121 
     71          1           0        7.272589   -1.167167    2.176980 
     72          1           0        7.179842   -3.600101    2.380594 
     73          1           0        5.506003   -4.910562    1.094925 
     74          1           0        3.688143   -5.002166   -0.536973 
     75          1           0        2.042224   -3.853213   -1.976406 
     76          1           0        2.223297    2.906106   -2.637139 
     77          1           0        3.968413    4.211759   -1.484704 
     78          1           0       -1.652325    2.707349   -2.117318 
     79          1           0       -1.474868    5.139680   -2.549532 
     80          1           0        0.139757    6.521506   -1.256000 
     81          1           0        1.602893    5.440227    0.442555 
     82          1           0        1.446599    2.995805    0.839832 
     83          1           0        1.106319   -4.223479    0.259032 
     84          1           0       -0.082197   -6.340299    0.767599 
     85          1           0       -2.548898   -6.360566    1.014609 
     86          1           0       -3.850982   -4.279605    0.741839 
     87          1           0        2.199950   -1.435043   -2.313572 





One imaginary frequency:                        -282.18 cm-1 
Zero-point correction=                           0.689133 (Hartree/Particle) 
Sum of electronic and zero-point Energies=          -2366.015353 
Sum of electronic and thermal Free Energies=        -2366.091213 
--------------------------------------------------------------------- 
 Center        Atomic      Atomic            Coordinates (Angstroms) 
 Number       Number      Type         X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        6.577811   -1.427856    1.470849 
      2          8           0        5.483183   -2.518983   -1.089846 
      3          6           0        7.188111    0.571184   -0.844221 
      4          6           0        6.142765    1.441684    1.989757 
      5          6           0        4.184350    0.042841    0.017611 
      6          6           0        3.581696   -1.219738   -0.270263 
      7          6           0        4.295147   -2.416924   -0.818970 
      8          6           0        3.244707   -3.430536   -1.107129 
      9          6           0        3.396321   -4.679990   -1.684301 
     10          6           0        2.242325   -5.417615   -1.979944 




  381 
 
     12          6           0        0.841842   -3.596131   -1.142470 
     13          6           0        1.985588   -2.876217   -0.804857 
     14          6           0        2.200995   -1.500051   -0.256325 
     15          6           0        1.278968   -0.474708    0.120704 
     16          6           0        1.862536    0.821950    0.107490 
     17          6           0        3.263980    1.097704    0.045821 
     18          6           0        3.388035    2.574061    0.051959 
     19          6           0        4.480553    3.413270   -0.162809 
     20          6           0        4.305551    4.801466   -0.136962 
     21          6           0        3.044730    5.355702    0.094083 
     22          6           0        1.928678    4.529483    0.259635 
     23          6           0        2.088552    3.145057    0.211913 
     24          6           0        1.122996    2.043045    0.246394 
     25          6           0       -0.231272    1.813392    0.341894 
     26          6           0       -0.785509    0.647166    0.480599 
     27          6           0       -0.137286   -0.572348    0.476247 
     28          6           0       -1.546235    3.458125    0.000680 
     29          6           0       -2.354144    2.869368   -1.039027 
     30          6           0       -3.391423    1.971710   -0.659937 
     31          6           0       -3.639347    1.753045    0.741435 
     32          6           0       -2.062728    3.511062    1.311717 
     33          6           0       -3.069945    2.638360    1.678258 
     34          6           0       -2.094388    3.108891   -2.400388 
     35          6           0       -2.862730    2.487705   -3.367935 
     36          6           0       -3.890654    1.608132   -3.001575 
     37          6           0       -4.176513    1.328972   -1.664635 
     38          6           0       -5.253180    0.406815   -1.257749 
     39          6           0       -6.092199   -0.213558   -2.179048 
     40          6           0       -7.094821   -1.116702   -1.781797 
     41          6           0       -7.268341   -1.421972   -0.451075 
     42          6           0       -6.445068   -0.818549    0.533289 
     43          6           0       -6.603137   -1.129837    1.908295 
     44          6           0       -5.790509   -0.548671    2.856039 
     45          6           0       -4.809080    0.380821    2.470769 
     46          6           0       -4.630449    0.746185    1.138883 
     47          6           0       -5.436020    0.118804    0.133435 
     48          6           0       -0.791686   -1.801700    0.976388 
     49          6           0       -2.142751   -2.051755    0.678832 
     50          6           0       -2.790522   -3.174857    1.188254 
     51          6           0       -2.104675   -4.065280    2.018969 
     52          6           0       -0.767728   -3.818977    2.337527 
     53          6           0       -0.116732   -2.699104    1.822375 
     54         14           0        6.024526    0.157989    0.589973 
     55          1           0        4.390436   -5.056451   -1.908720 
     56          1           0        2.323006   -6.404762   -2.426445 
     57          1           0        0.092082   -5.430389   -1.976634 
     58          1           0       -0.150547   -3.199385   -0.975444 
     59          1           0        5.463086    3.003818   -0.366985 
     60          1           0        5.160880    5.451555   -0.299489 
     61          1           0        2.924897    6.435136    0.129564 
     62          1           0        0.953281    4.974993    0.428698 
     63          1           0        5.792970   -1.806859    2.137200 
     64          1           0       -0.805178    4.186650   -0.309720 
  382 
 
     65          1           0        7.445993   -1.190434    2.099218 
     66          1           0        6.853125   -2.227495    0.782590 
     67          1           0       -1.589865    4.146013    2.055278 
     68          1           0       -3.406004    2.619929    2.708641 
     69          1           0       -1.288992    3.783364   -2.678572 
     70          1           0       -2.672547    2.676374   -4.420712 
     71          1           0       -4.464708    1.137745   -3.791935 
     72          1           0        6.910879    1.493389   -1.367503 
     73          1           0        7.172524   -0.246673   -1.572071 
     74          1           0        8.218234    0.687005   -0.484885 
     75          1           0        7.182923    1.470970    2.340759 
     76          1           0        5.528906    1.113309    2.837973 
     77          1           0        5.845122    2.462270    1.746360 
     78          1           0       -5.984579   -0.007907   -3.238053 
     79          1           0       -7.726999   -1.575049   -2.537156 
     80          1           0       -8.035012   -2.125240   -0.136219 
     81          1           0       -7.370408   -1.843452    2.197933 
     82          1           0       -5.899077   -0.806266    3.905629 
     83          1           0       -4.165020    0.798760    3.236338 
     84          1           0       -2.673874   -1.355618    0.037579 
     85          1           0       -3.833889   -3.351190    0.940254 
     86          1           0       -2.610074   -4.940291    2.419238 
     87          1           0       -0.229525   -4.498072    2.993666 





One imaginary frequency:                        -266.65 cm-1 
Zero-point correction=                           0.689343 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.614117 
Sum of electronic and thermal Free Energies=        -2366.089891 
--------------------------------------------------------------------- 
 Center        Atomic      Atomic            Coordinates (Angstroms) 
 Number       Number      Type         X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        3.980204    5.197103   -0.060134 
      2          8           0        5.767175    2.215483   -0.081867 
      3          6           0        4.614632    3.392850    2.411290 
      4          6           0        1.893369    4.505066    2.174854 
      5          6           0        2.715558    2.295777    0.137239 
      6          6           0        3.564256    1.161339   -0.046151 
2.24 Å
2.76 Å
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      7          6           0        5.055168    1.223673   -0.152459 
      8          6           0        5.505259   -0.148664   -0.498594 
      9          6           0        6.793854   -0.576557   -0.766924 
     10          6           0        6.977755   -1.893191   -1.208903 
     11          6           0        5.866271   -2.712984   -1.399867 
     12          6           0        4.561531   -2.265733   -1.131840 
     13          6           0        4.372125   -0.974173   -0.644826 
     14          6           0        3.152988   -0.158189   -0.324952 
     15          6           0        1.748499   -0.453541   -0.362681 
     16          6           0        0.945282    0.716053   -0.454672 
     17          6           0        1.394879    2.059444   -0.255282 
     18          6           0        0.218746    2.927136   -0.507876 
     19          6           0        0.093486    4.308192   -0.658888 
     20          6           0       -1.156482    4.856244   -0.970376 
     21          6           0       -2.274224    4.036457   -1.150417 
     22          6           0       -2.156473    2.646449   -1.051911 
     23          6           0       -0.914995    2.097900   -0.744293 
     24          6           0       -0.471837    0.704277   -0.674470 
     25          6           0       -1.019811   -0.552211   -0.742073 
     26          6           0       -0.298596   -1.619466   -0.562102 
     27          6           0        1.060879   -1.746879   -0.345722 
     28          6           0       -3.591843   -1.559049   -0.864941 
     29          6           0       -3.368074   -1.875450    0.524838 
     30          6           0       -2.370749   -2.835745    0.846446 
     31          6           0       -1.604234   -3.405384   -0.231968 
     32          6           0       -3.110251   -2.453388   -1.846523 
     33          6           0       -4.116712   -1.249395    1.563061 
     34          6           0       -3.837716   -1.610719    2.882590 
     35          6           0       -2.848189   -2.552314    3.195416 
     36          6           0       -2.112590   -3.156699    2.191602 
     37          6           0        1.709890   -3.025196    0.035256 
     38          6           0        2.430370   -3.126334    1.236476 
     39          6           0        3.008148   -4.335842    1.621690 
     40          6           0        2.878487   -5.467379    0.814311 
     41          6           0        2.161906   -5.382348   -0.382082 
     42          6           0        1.580281   -4.173756   -0.765460 
     43         14           0        3.322519    3.855193    1.100442 
     44          6           0       -4.543134   -0.489640   -1.204060 
     45          6           0       -5.321575    0.113216   -0.163551 
     46          6           0       -5.151637   -0.259255    1.209639 
     47          6           0       -6.290743    1.112004   -0.509404 
     48          6           0       -7.086594    1.696056    0.508856 
     49          6           0       -6.925470    1.311443    1.819870 
     50          6           0       -5.963051    0.344328    2.164621 
     51          6           0       -4.708222   -0.048958   -2.513833 
     52          6           0       -5.651444    0.940230   -2.845960 
     53          6           0       -6.436700    1.503676   -1.865025 
     54          1           0        4.281821    6.084527    0.510226 
     55          1           0        4.858443    4.821517   -0.594658 
     56          1           0        3.240033    5.513989   -0.803901 
     57          1           0        4.642823    4.187986    3.167472 
     58          1           0        4.338576    2.466168    2.929865 
     59          1           0        5.616642    3.266272    2.000191 
  384 
 
     60          1           0        0.991755    4.821169    1.649045 
     61          1           0        1.598913    3.736546    2.900576 
     62          1           0        2.264113    5.363452    2.750732 
     63          1           0        7.626777    0.110739   -0.647737 
     64          1           0        7.975300   -2.266535   -1.422716 
     65          1           0        6.003481   -3.724999   -1.772136 
     66          1           0        3.731983   -2.931737   -1.319433 
     67          1           0        0.953412    4.961527   -0.561158 
     68          1           0       -1.253108    5.932854   -1.083150 
     69          1           0       -3.237293    4.479510   -1.389676 
     70          1           0       -3.012676    2.003154   -1.228701 
     71          1           0       -0.854167   -4.145971    0.022842 
     72          1           0       -3.468946   -2.375119   -2.866674 
     73          1           0       -4.386007   -1.156004    3.700015 
     74          1           0       -2.661244   -2.802768    4.235938 
     75          1           0       -1.335863   -3.879227    2.427561 
     76          1           0        2.530370   -2.250057    1.870120 
     77          1           0        3.561263   -4.393789    2.555336 
     78          1           0        3.332250   -6.408187    1.113693 
     79          1           0        2.059949   -6.256453   -1.020119 
     80          1           0        1.039870   -4.103071   -1.705612 
     81          1           0       -7.821422    2.448737    0.235055 
     82          1           0       -7.536279    1.755183    2.601129 
     83          1           0       -5.864889    0.075790    3.210427 
     84          1           0       -4.082015   -0.453530   -3.301585 
     85          1           0       -5.751472    1.257424   -3.880079 
     86          1           0       -7.172577    2.264548   -2.112856 
     87          6           0       -2.143318   -3.387266   -1.532327 





Zero-point correction=                           0.693890 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.622353 
Sum of electronic and thermal Free Energies=        -2366.160079 
--------------------------------------------------------------------- 
 Center        Atomic      Atomic            Coordinates (Angstroms) 
 Number       Number      Type         X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        5.335311    4.381415   -1.385291 
      2          6           0        3.964620    4.508542   -1.603318 
      3          6           0        3.060694    3.488899   -1.261004 
      4          6           0        3.536608    2.320945   -0.669110 
      5          6           0        4.932489    2.193322   -0.509927 
      6          6           0        5.833471    3.188949   -0.846384 





  385 
 
      8          6           0        3.924148    0.105666    0.030137 
      9          6           0        2.892786    1.023113   -0.254260 
     10          6           0        1.527852    0.550688   -0.187769 
     11          6           0        1.433766   -0.856612   -0.240647 
     12          6           0        2.526658   -1.770915   -0.143196 
     13          6           0        3.789868   -1.303306    0.217492 
     14          8           0        6.355284    0.321452    0.034110 
     15         14           0        5.128739   -2.355091    1.130450 
     16          6           0        4.256599   -3.750409    2.083415 
     17          6           0        6.429835   -3.060087   -0.048489 
     18          6           0        5.922559   -1.342766    2.523393 
     19          6           0        0.274711    1.261011   -0.101377 
     20          6           0       -0.949043    0.554980   -0.061144 
     21          6           0       -0.993428   -0.872737   -0.228801 
     22          6           0        0.207020   -1.557496   -0.384257 
     23          6           0       -2.271652    1.339074    0.050901 
     24          6           0       -3.542720    0.512977    0.076076 
     25          6           0       -3.559741   -0.833246   -0.089282 
     26          6           0       -2.306631   -1.641425   -0.316480 
     27          6           0       -4.789373    1.232223    0.205738 
     28          6           0       -6.023374    0.600196   -0.096865 
     29          6           0       -6.037108   -0.849034   -0.255653 
     30          6           0       -4.812250   -1.548086   -0.113258 
     31          6           0       -4.775269    2.565144    0.711101 
     32          6           0       -5.955820    3.298939    0.733747 
     33          6           0       -7.153915    2.725107    0.279838 
     34          6           0       -7.194151    1.394003   -0.100494 
     35          6           0       -7.219880   -1.608421   -0.415081 
     36          6           0       -7.195004   -2.990991   -0.332203 
     37          6           0       -6.000849   -3.665845   -0.032005 
     38          6           0       -4.809247   -2.959875    0.087247 
     39          6           0       -3.572991   -3.557104    0.598718 
     40          6           0       -2.399151   -2.912156    0.521547 
     41          6           0       -2.374848    2.384736    1.158846 
     42          6           0       -3.542132    3.012939    1.359826 
     43          6           0        0.292968    2.750260    0.031249 
     44          6           0        0.924309    3.348972    1.133154 
     45          6           0        0.929534    4.734786    1.289041 
     46          6           0        0.311368    5.550703    0.339669 
     47          6           0       -0.307605    4.969977   -0.769238 
     48          6           0       -0.315537    3.583256   -0.921290 
     49          6           0        1.981660   -3.094284   -0.491240 
     50          6           0        0.573775   -2.967691   -0.672321 
     51          6           0       -0.150612   -4.042744   -1.191674 
     52          6           0        0.509085   -5.238055   -1.498669 
     53          6           0        1.887465   -5.358606   -1.317778 
     54          6           0        2.631230   -4.280644   -0.829056 
     55          1           0        6.010662    5.188179   -1.655535 
     56          1           0        3.574211    5.416612   -2.055479 
     57          1           0        2.013469    3.631403   -1.476961 
     58          1           0        6.897768    3.021095   -0.707331 
     59          1           0        5.011081   -4.269970    2.688687 
     60          1           0        3.520966   -3.329729    2.780148 
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     61          1           0        3.743911   -4.500390    1.478999 
     62          1           0        7.146286   -3.680927    0.504057 
     63          1           0        5.990312   -3.682801   -0.836443 
     64          1           0        6.982596   -2.245668   -0.526083 
     65          1           0        6.443423   -2.029266    3.203370 
     66          1           0        6.638360   -0.605159    2.158946 
     67          1           0        5.159289   -0.821937    3.114978 
     68          1           0       -5.952404    4.311801    1.129439 
     69          1           0       -8.067521    3.313437    0.278405 
     70          1           0       -8.147125    0.953228   -0.373426 
     71          1           0       -8.170038   -1.108208   -0.570458 
     72          1           0       -8.117549   -3.553544   -0.446911 
     73          1           0       -6.009476   -4.740577    0.133297 
     74          1           0       -3.650567   -4.507910    1.122024 
     75          1           0       -1.506147   -3.307299    0.990355 
     76          1           0       -1.498512    2.655121    1.730467 
     77          1           0       -3.617683    3.820758    2.084653 
     78          1           0        1.404351    2.718590    1.876455 
     79          1           0        1.420381    5.177334    2.151622 
     80          1           0        0.314160    6.630430    0.461292 
     81          1           0       -0.783635    5.596237   -1.519094 
     82          1           0       -0.781924    3.143329   -1.798245 
     83          1           0       -1.215705   -3.970031   -1.373461 
     84          1           0       -0.059610   -6.071173   -1.902554 
     85          1           0        2.391459   -6.284196   -1.582097 
     86          1           0        3.709945   -4.361673   -0.754411 
     87          1           0       -2.362688   -1.980278   -1.370093 





Zero-point correction=                           0.693374 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.621572 
Sum of electronic and thermal Free Energies=        -2366.161343 
--------------------------------------------------------------------- 
 Center        Atomic      Atomic            Coordinates (Angstroms) 
 Number       Number      Type         X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        5.940188   -1.580716    1.976591 
      2          8           0        5.160606   -2.749488   -0.679824 
      3          6           0        7.070367    0.074257   -0.430319 
      4          6           0        5.801065    1.363558    2.124098 
      5          6           0        3.937932   -0.064779    0.076728 
      6          6           0        3.262535   -1.277414   -0.243692 
      7          6           0        3.955595   -2.543775   -0.636769 
O
TMS
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      8          6           0        2.894226   -3.470534   -1.093795 
      9          6           0        3.055467   -4.727765   -1.651422 
     10          6           0        1.927705   -5.372001   -2.174163 
     11          6           0        0.697206   -4.716426   -2.153937 
     12          6           0        0.547321   -3.439110   -1.589847 
     13          6           0        1.650061   -2.811585   -1.015826 
     14          6           0        1.871027   -1.448637   -0.417935 
     15          6           0        1.003153   -0.339348   -0.117337 
     16          6           0        1.696551    0.889835   -0.081311 
     17          6           0        3.111823    1.056057   -0.049278 
     18          6           0        3.356633    2.507715   -0.152191 
     19          6           0        4.533825    3.223643   -0.368610 
     20          6           0        4.480738    4.612312   -0.517066 
     21          6           0        3.256456    5.281146   -0.468198 
     22          6           0        2.063717    4.570695   -0.298347 
     23          6           0        2.101044    3.183517   -0.152369 
     24          6           0        1.044637    2.154752   -0.043177 
     25          6           0       -0.318523    2.172151    0.122054 
     26          6           0       -1.047098    0.945183    0.336435 
     27          6           0       -0.430177   -0.297743    0.160123 
     28          6           0       -1.173108    3.433516    0.197512 
     29          6           0       -2.341220    3.199802   -0.749585 
     30          6           0       -3.086534    2.063972   -0.417308 
     31          6           0       -2.537598    1.291276    0.786341 
     32          6           0       -1.721664    3.441296    1.617271 
     33          6           0       -2.396311    2.336852    1.921025 
     34          6           0       -2.687348    3.982408   -1.841590 
     35          6           0       -3.812512    3.621400   -2.594406 
     36          6           0       -4.572452    2.512087   -2.243971 
     37          6           0       -4.228827    1.704571   -1.137520 
     38          6           0       -5.049551    0.568072   -0.672341 
     39          6           0       -6.194715    0.165022   -1.343065 
     40          6           0       -7.029938   -0.854843   -0.843280 
     41          6           0       -6.729098   -1.472777    0.346740 
     42          6           0       -5.557969   -1.117720    1.066634 
     43          6           0       -5.236530   -1.762497    2.287395 
     44          6           0       -4.090481   -1.432227    2.971137 
     45          6           0       -3.221195   -0.452563    2.452448 
     46          6           0       -3.483638    0.199037    1.260220 
     47          6           0       -4.685140   -0.102008    0.547317 
     48          6           0       -1.149454   -1.591796    0.334566 
     49          6           0       -2.242526   -1.937708   -0.474254 
     50          6           0       -2.877348   -3.170918   -0.326486 
     51          6           0       -2.427693   -4.081468    0.632136 
     52          6           0       -1.343330   -3.747848    1.444768 
     53          6           0       -0.709328   -2.515199    1.295182 
     54         14           0        5.700033   -0.061129    0.867123 
     55          1           0        4.043959   -5.176780   -1.691136 
     56          1           0        2.013733   -6.361631   -2.613916 
     57          1           0       -0.175127   -5.197403   -2.588945 
     58          1           0       -0.422443   -2.966615   -1.618819 
     59          1           0        5.486392    2.712210   -0.447758 
     60          1           0        5.397947    5.170665   -0.682950 
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     61          1           0        3.223160    6.360915   -0.585234 
     62          1           0        1.127565    5.117417   -0.302673 
     63          1           0        5.050602   -1.762618    2.592529 
     64          1           0       -0.617671    4.333074   -0.053085 
     65          1           0        6.772629   -1.383423    2.664242 
     66          1           0        6.159028   -2.490141    1.416220 
     67          1           0       -1.538177    4.269672    2.293668 
     68          1           0       -2.870719    2.141854    2.875788 
     69          1           0       -2.103183    4.860773   -2.103827 
     70          1           0       -4.105669    4.222119   -3.451076 
     71          1           0       -5.454970    2.284193   -2.832036 
     72          1           0        6.962274    0.958934   -1.068671 
     73          1           0        7.057014   -0.811349   -1.073031 
     74          1           0        8.053308    0.130933    0.053844 
     75          1           0        5.711807    2.374352    1.723881 
     76          1           0        6.769059    1.292662    2.637636 
     77          1           0        5.023781    1.242736    2.889013 
     78          1           0       -6.477579    0.647526   -2.272172 
     79          1           0       -7.920180   -1.135321   -1.399617 
     80          1           0       -7.377450   -2.245749    0.752029 
     81          1           0       -5.911464   -2.524608    2.669147 
     82          1           0       -3.843363   -1.927748    3.905784 
     83          1           0       -2.308297   -0.218739    2.993626 
     84          1           0       -2.584112   -1.241793   -1.234499 
     85          1           0       -3.723965   -3.418111   -0.961076 
     86          1           0       -2.920718   -5.043271    0.745558 
     87          1           0       -0.986111   -4.449793    2.193662 





Zero-point correction=                           0.693648 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.621484 
Sum of electronic and thermal Free Energies=        -2366.165926 
--------------------------------------------------------------------- 
 Center        Atomic      Atomic             Coordinates (Angstroms) 
 Number       Number      Type         X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        3.678339   -5.227649   -0.089286 
      2          8           0        5.544538   -2.310619    0.344013 
      3          6           0        4.670407   -3.298135   -2.326039 
      4          6           0        1.906723   -4.306160   -2.515853 
      5          6           0        2.536214   -2.262670   -0.245564 
      6          6           0        3.396243   -1.178087    0.082879 
      7          6           0        4.862861   -1.295858    0.360379 
O
TMS
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      8          6           0        5.308896    0.050504    0.797872 
      9          6           0        6.569632    0.428837    1.227121 
     10          6           0        6.740373    1.727151    1.723825 
     11          6           0        5.639436    2.579189    1.805479 
     12          6           0        4.362616    2.181787    1.375677 
     13          6           0        4.191717    0.910016    0.834116 
     14          6           0        2.993873    0.143716    0.353982 
     15          6           0        1.607214    0.479625    0.232217 
     16          6           0        0.744172   -0.639536    0.196527 
     17          6           0        1.186685   -1.981230    0.002390 
     18          6           0       -0.015557   -2.823345    0.075847 
     19          6           0       -0.142452   -4.211436    0.096943 
     20          6           0       -1.413498   -4.788160    0.145611 
     21          6           0       -2.544791   -3.973474    0.163897 
     22          6           0       -2.424369   -2.580670    0.206378 
     23          6           0       -1.161266   -1.988012    0.216691 
     24          6           0       -0.691291   -0.575947    0.311876 
     25          6           0       -1.255249    0.683608    0.472020 
     26          6           0       -0.408354    1.828902    0.229621 
     27          6           0        0.973851    1.774792    0.126113 
     28          6           0       -2.736012    1.134513    0.771544 
     29          6           0       -3.170340    1.789064   -0.537641 
     30          6           0       -2.333044    2.833145   -0.938927 
     31          6           0       -1.221921    3.122352    0.062926 
     32          6           0       -2.628703    2.288818    1.797093 
     33          6           0       -4.296983    1.418112   -1.273470 
     34          6           0       -4.528727    2.113661   -2.480248 
     35          6           0       -3.678415    3.129169   -2.902108 
     36          6           0       -2.573008    3.508229   -2.127191 
     37          6           0        1.755113    2.989507   -0.248111 
     38          6           0        2.556615    2.974271   -1.400826 
     39          6           0        3.277581    4.103960   -1.787598 
     40          6           0        3.213484    5.273918   -1.029369 
     41          6           0        2.421896    5.305621    0.120674 
     42          6           0        1.701010    4.175285    0.506143 
     43         14           0        3.205116   -3.789335   -1.224320 
     44          6           0       -3.721386    0.106654    1.283434 
     45          6           0       -4.906629   -0.206143    0.547959 
     46          6           0       -5.202625    0.384548   -0.731450 
     47          6           0       -5.821274   -1.166438    1.101109 
     48          6           0       -6.990401   -1.519548    0.376481 
     49          6           0       -7.244268   -0.955447   -0.850379 
     50          6           0       -6.353696   -0.008375   -1.396714 
     51          6           0       -3.495720   -0.490354    2.511170 
     52          6           0       -4.399911   -1.425546    3.053729 
     53          6           0       -5.539655   -1.758559    2.359531 
     54          1           0        4.017707   -6.085922   -0.682641 
     55          1           0        4.501425   -4.919678    0.563563 
     56          1           0        2.852014   -5.567270    0.545385 
     57          1           0        4.749964   -4.027206   -3.142618 
     58          1           0        4.511918   -2.315454   -2.787405 
     59          1           0        5.619337   -3.270396   -1.789407 
     60          1           0        2.326462   -5.131064   -3.106912 
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     61          1           0        0.937532   -4.628899   -2.133852 
     62          1           0        1.727803   -3.475071   -3.209566 
     63          1           0        7.389807   -0.282482    1.185983 
     64          1           0        7.716842    2.061875    2.062322 
     65          1           0        5.762981    3.577518    2.217409 
     66          1           0        3.537667    2.870923    1.480057 
     67          1           0        0.736064   -4.845697    0.084691 
     68          1           0       -1.516520   -5.869872    0.157347 
     69          1           0       -3.536758   -4.416747    0.165870 
     70          1           0       -3.322210   -1.986256    0.225751 
     71          1           0       -0.609626    3.964493   -0.247919 
     72          1           0       -3.178813    2.217284    2.728638 
     73          1           0       -5.388367    1.869484   -3.095353 
     74          1           0       -3.884379    3.644368   -3.836407 
     75          1           0       -1.922811    4.318091   -2.447932 
     76          1           0        2.607559    2.069250   -1.998925 
     77          1           0        3.890124    4.068856   -2.684540 
     78          1           0        3.776564    6.153129   -1.330307 
     79          1           0        2.369863    6.208905    0.723037 
     80          1           0        1.108042    4.199494    1.416865 
     81          1           0       -7.674614   -2.245691    0.808165 
     82          1           0       -8.135480   -1.230719   -1.407668 
     83          1           0       -6.593991    0.420458   -2.363371 
     84          1           0       -2.589331   -0.247432    3.059637 
     85          1           0       -4.186165   -1.884560    4.014820 
     86          1           0       -6.242751   -2.483085    2.762993 
     87          6           0       -1.876287    3.320602    1.423706 
     88          1           0       -1.700517    4.212371    2.017540 
 --------------------------------------------------------------------- 
UV-Vis and Emission Spectra. 
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Structure description 
The structure with the molecular formula is the one suggested. Solvent of crystallization is found in two 
different locations, as shown in a figure below. Toluene is found disordered on an inversion center for the 
first and disordered on a general position near an inversion center for the second. Therefore, there are 1.5 
molecules of toluene per asymmetric unit. Reasonable restraints and necessary constraints were included to 
refine the toluene portion. 
 
Crystal data and structure refinement for 25k.  
Empirical formula  C62.50H46OSi 
Formula weight  841.08 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions  a = 12.4695(8) Å a = 68.047(3)° 
 b = 14.0287(11) Å b = 78.860(3)° 
 c = 14.0414(10) Å g = 71.914(3)° 
Volume 2157.3(3) Å3 
Z 2 
Density (calculated) 1.295 Mg/m3 
Absorption coefficient 0.101 mm-1 
F(000) 886 
Crystal color, morphology Orange, Block 
Crystal size 0.190 x 0.100 x 0.050 mm3 
Theta range for data collection 2.228 to 28.328° 
Index ranges -15 £ h £ 16, -18 £ k £ 18, -18 £ l £ 18 
Reflections collected 41477 
Independent reflections 10719 [R(int) = 0.0314] 
Observed reflections 8864 
Completeness to theta = 25.242°  99.9%  
Absorption correction Multi-scan 
Max. and min. transmission 0.8621 and 0.8270 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10719 / 234 / 671 
Goodness-of-fit on F2 1.036 
Final R indices [I>2sigma(I)]  R1 = 0.0437, wR2 = 0.1098 
R indices (all data) R1 = 0.0559, wR2 = 0.1193  
Largest diff. peak and hole 0.593 and -0.359 e.Å-3 
Data for 28 (CCDC deposition number: 1818243) 
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Crystal data and structure refinement for 28.  
Empirical formula  C41H24O 
Formula weight  532.60 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions  a = 9.7588(7) Å a = 93.472(3)° 
 b = 10.4470(8) Å b = 109.324(3)° 
 c = 14.3087(12) Å g = 105.408(3)° 
Volume 1309.32(18) Å3 
Z 2 
Density (calculated) 1.351 Mg/m3 
Absorption coefficient 0.079 mm-1 
F(000) 556 
Crystal color, morphology Yellow, Block 
Crystal size 0.240 x 0.130 x 0.110 mm3 
Theta range for data collection 2.273 to 28.350° 
Index ranges -13 £ h £ 13, -13 £ k £ 13, -18 £ l £ 19 
Reflections collected 24904 
Independent reflections 6492 [R(int) = 0.0333] 
Observed reflections 5246 
Completeness to theta = 25.242°  99.9%  
Absorption correction Multi-scan 
Max. and min. transmission 0.7457 and 0.6940 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6492 / 0 / 379 
Goodness-of-fit on F2 1.036 
Final R indices [I>2sigma(I)]  R1 = 0.0450, wR2 = 0.1069 
R indices (all data) R1 = 0.0612, wR2 = 0.1224  
Largest diff. peak and hole 0.330 and -0.245 e.Å-3 
Data for 32-H (CCDC deposition number: 1818245) 
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Structure description 
The structure is the one suggested as a partial ethyl acetate solvate. Very long exposures were used to 
collect requisite data to qualify as publishable by IUCr standards. PLATON/SQUEEZE was used to 
remove the effects of poorly resolved solvent. The three-dimensional structure appears to have void spaces 





Crystal data and structure refinement for 32-H.  
Empirical formula  C78 H39 Cl O2 
Formula weight  1043.54 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions  a = 12.2130(17) Å a = 64.126(6)° 
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 b = 15.407(2) Å b = 75.588(6)° 
 c = 17.340(3) Å g = 74.110(5)° 
Volume 2791.7(8) Å3 
Z 2 
Density (calculated) 1.241 Mg/m3 
Absorption coefficient 0.119 mm-1 
F(000) 1080 
Crystal color, morphology Brown, Plate 
Crystal size 0.200 x 0.080 x 0.005 mm3 
Theta range for data collection 2.347 to 25.427° 
Index ranges -14 £ h £ 14, -18 £ k £ 18, -20 £ l £ 20 
Reflections collected 50768 
Independent reflections 10284 [R(int) = 0.0774] 
Observed reflections 6730 
Completeness to theta = 25.242°  99.9%  
Absorption correction Multi-scan 
Max. and min. transmission 0.8620 and 0.7798 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10284 / 0 / 730 
Goodness-of-fit on F2 1.042 
Final R indices [I>2sigma(I)]  R1 = 0.0629, wR2 = 0.1435 
R indices (all data) R1 = 0.1025, wR2 = 0.1571  
Largest diff. peak and hole 0.474 and -0.355 e.Å-3 
Computational Data for Section 6.2 
30a 
 
Zero-point correction=                           0.837102 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.752119 
Sum of electronic and thermal Free Energies=        -3362.773751 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -3363.99058853 
--------------------------------------------------------------------- 
 Center        Atomic      Atomic             Coordinates (Angstroms) 
 Number       Number      Type         X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        3.177308    0.593641    0.346652 
      2          6           0        3.241594   -0.799123    0.026771 
      3          6           0        4.452330   -1.469086   -0.380755 
      4          6           0        5.654842   -0.770911   -0.455052 
  396 
 
      5          6           0        5.615692    0.492584    0.236846 
      6          6           0        4.462426    1.159189    0.652819 
      7          6           0        1.886690    1.157866    0.294107 
      8          6           0        0.755082    0.295969    0.258676 
      9          6           0        0.845866   -1.139598    0.271206 
     10          6           0        2.132694   -1.662249   -0.039817 
     11          6           0       -0.462041    1.050646    0.208005 
     12          6           0       -1.690445    0.338926    0.161566 
     13          6           0       -1.571878   -1.055372    0.474501 
     14          6           0       -0.376603   -1.790715    0.578376 
     15          6           0       -3.044366    0.807095   -0.124142 
     16          6           0       -4.107223   -0.060730    0.065537 
     17          6           0       -3.954876   -1.409360    0.559362 
     18          6           0       -2.695969   -1.909539    0.752253 
     19          6           0        4.843768    2.289003    1.549683 
     20          6           0        6.249477    2.345882    1.610058 
     21          6           0        6.801483    1.210338    0.817355 
     22          6           0        6.924656    3.248050    2.412758 
     23          6           0        6.168305    4.131249    3.198143 
     24          6           0        4.775728    4.054005    3.184294 
     25          6           0        4.098021    3.127810    2.372359 
     26          8           0        7.975174    0.877844    0.760407 
     27         14           0        7.166824   -1.235141   -1.562464 
     28          6           0        8.388540   -2.356818   -0.651692 
     29          6           0        6.529922   -2.026861   -3.169282 
     30          6           0        8.034628    0.323693   -2.203549 
     31          6           0        4.046387   -2.852969   -0.701052 
     32          6           0        2.632250   -2.956589   -0.536829 
     33          6           0        1.975402   -4.132644   -0.898951 
     34          6           0        2.726085   -5.237020   -1.318417 
     35          6           0        4.119217   -5.172480   -1.364581 
     36          6           0        4.784239   -3.978744   -1.058364 
     37          6           0        1.376505    2.528192    0.207589 
     38          6           0       -0.051646    2.478414    0.217899 
     39          6           0        2.045701    3.742163    0.065889 
     40          6           0        1.312935    4.933516    0.049681 
     41          6           0       -0.073589    4.899319    0.184742 
     42          6           0       -0.758686    3.679727    0.261899 
     43          6           0       -0.727090   -3.120451    1.100923 
     44          6           0       -2.147976   -3.204380    1.192539 
     45          6           0       -2.744242   -4.349353    1.717721 
     46          6           0       -1.937854   -5.398090    2.174034 
     47          6           0       -0.546213   -5.293696    2.130261 
     48          6           0        0.066700   -4.153097    1.602530 
     49          6           0       -5.580582    0.237416   -0.269928 
     50          6           0       -5.288104   -2.149852    0.691072 
     51          6           0       -6.031199   -0.855298   -1.237453 
     52          6           0       -5.880680   -2.149220   -0.717364 
     53          6           0       -6.349776    0.022814    1.031632 
     54          6           0       -6.185494   -1.269100    1.556328 
     55          6           0       -6.544559   -0.667648   -2.515989 
     56          6           0       -6.911753   -1.784731   -3.276699 
     57          6           0       -6.760543   -3.071594   -2.758583 
  397 
 
     58          6           0       -6.239350   -3.259943   -1.472423 
     59          6           0       -6.810026   -1.630937    2.744529 
     60          6           0       -7.609751   -0.694167    3.410974 
     61          6           0       -7.775808    0.589048    2.888812 
     62          6           0       -7.142790    0.953879    1.693958 
     63          1           0        8.010715    3.247059    2.439118 
     64          1           0        6.665466    4.857106    3.835245 
     65          1           0        4.195845    4.716020    3.821940 
     66          1           0        3.016767    3.073601    2.405163 
     67          1           0        7.933227   -3.288107   -0.296025 
     68          1           0        9.226822   -2.623396   -1.307268 
     69          1           0        8.792995   -1.825892    0.216292 
     70          1           0        7.395008   -2.242772   -3.810210 
     71          1           0        5.953776   -2.947295   -3.067386 
     72          1           0        5.904482   -1.305042   -3.709254 
     73          1           0        7.309068    1.075978   -2.537302 
     74          1           0        8.636714    0.048810   -3.079188 
     75          1           0        8.688911    0.786648   -1.464005 
     76          1           0        0.895284   -4.200928   -0.856656 
     77          1           0        2.215744   -6.155472   -1.595222 
     78          1           0        4.694784   -6.047822   -1.652726 
     79          1           0        5.866614   -3.944512   -1.100109 
     80          1           0        3.125043    3.770169   -0.026745 
     81          1           0        1.830096    5.883160   -0.055700 
     82          1           0       -0.640974    5.825619    0.209485 
     83          1           0       -1.833619    3.693760    0.353806 
     84          1           0       -3.821641   -4.436295    1.806084 
     85          1           0       -2.402052   -6.289552    2.586837 
     86          1           0        0.069733   -6.099750    2.519410 
     87          1           0        1.147275   -4.072813    1.600081 
     88          1           0       -5.731096    1.232125   -0.683976 
     89          1           0       -5.179529   -3.155773    1.092565 
     90          1           0       -6.659455    0.335067   -2.920616 
     91          1           0       -7.315754   -1.646777   -4.275947 
     92          1           0       -7.047024   -3.933530   -3.355033 
     93          1           0       -6.117645   -4.262817   -1.070123 
     94          1           0       -6.681238   -2.630937    3.151921 
     95          1           0       -8.103684   -0.970341    4.338563 
     96          1           0       -8.400459    1.309660    3.409701 
     97          1           0       -7.276288    1.952793    1.285016 
     98          6           0       -3.303190    2.127926   -0.765146 
     99          6           0       -2.741007    2.424374   -2.015865 
    100          6           0       -4.148112    3.082299   -0.174565 
    101          6           0       -3.005256    3.632311   -2.659185 
    102          1           0       -2.088253    1.699768   -2.493050 
    103          6           0       -4.421021    4.296759   -0.804014 
    104          1           0       -4.581916    2.879612    0.800839 
    105          6           0       -3.844604    4.561274   -2.045993 
    106          1           0       -2.565279    3.851589   -3.626169 
    107          1           0       -5.068165    5.031092   -0.335877 
    108         17           0       -4.183522    6.088095   -2.849721 
 --------------------------------------------------------------------- 
 




Zero-point correction=                           0.836831 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.751684 
Sum of electronic and thermal Free Energies=        -3362.774470 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -3363.99043582 
--------------------------------------------------------------------- 
 Center        Atomic      Atomic             Coordinates (Angstroms) 
 Number       Number      Type         X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -5.818728    5.226099    1.135360 
      2          6           0       -4.433806    5.064827    1.110592 
      3          6           0       -3.840182    3.848780    0.729186 
      4          6           0       -4.661149    2.791766    0.346456 
      5          6           0       -6.057903    2.953459    0.432002 
      6          6           0       -6.651224    4.144629    0.810837 
      7          6           0       -6.700055    1.627156    0.218134 
      8          6           0       -5.578225    0.655631   -0.019015 
      9          6           0       -4.377400    1.371281   -0.018118 
     10          6           0       -3.137650    0.661035   -0.184794 
     11          6           0       -3.250195   -0.738798    0.091521 
     12          6           0       -4.504844   -1.428274    0.247763 
     13          6           0       -5.705270   -0.777160   -0.021799 
     14          8           0       -7.892484    1.381733    0.316944 
     15          6           0       -1.837896    1.116078   -0.488415 
     16          6           0       -0.736783    0.222091   -0.349473 
     17          6           0       -0.859600   -1.191078   -0.098142 
     18          6           0       -2.170826   -1.641735    0.211796 
     19          6           0        0.496198    0.925466   -0.534652 
     20          6           0        1.705644    0.231849   -0.294723 
     21          6           0        1.564201   -1.191915   -0.277688 
     22          6           0        0.356115   -1.913990   -0.271727 
     23          6           0        3.054504    0.750821   -0.100277 
     24          6           0        4.106899   -0.146913   -0.035027 
     25          6           0        3.942689   -1.572898   -0.205902 
     26          6           0        2.682969   -2.093997   -0.331968 
     27          6           0       -4.160483   -2.782138    0.720573 
     28          6           0       -2.738647   -2.895865    0.740888 
     29          6           0       -2.138874   -3.978972    1.384722 
     30          6           0       -2.943043   -4.978865    1.943224 
     31          6           0       -4.334504   -4.881097    1.898600 
     32          6           0       -4.947696   -3.769669    1.308909 
  399 
 
     33          6           0       -1.291966    2.363010   -1.040045 
     34          6           0        0.132609    2.266799   -1.039285 
     35          6           0       -1.925863    3.424801   -1.684102 
     36          6           0       -1.155214    4.435932   -2.267920 
     37          6           0        0.236800    4.362815   -2.239131 
     38          6           0        0.884274    3.273558   -1.643862 
     39          6           0        0.702819   -3.322724   -0.530494 
     40          6           0        2.125749   -3.442222   -0.531677 
     41          6           0        2.722831   -4.670882   -0.806950 
     42          6           0        1.919296   -5.774878   -1.112451 
     43          6           0        0.531055   -5.643300   -1.172855 
     44          6           0       -0.082876   -4.418654   -0.892026 
     45          1           0       -6.250146    6.177738    1.432270 
     46          1           0       -3.792263    5.892644    1.400942 
     47          1           0       -2.762279    3.750747    0.748107 
     48          1           0       -7.733387    4.217273    0.873110 
     49          1           0       -1.061644   -4.041565    1.478756 
     50          1           0       -2.474849   -5.824601    2.439428 
     51          1           0       -4.947843   -5.651766    2.357357 
     52          1           0       -6.025815   -3.664787    1.357936 
     53          1           0       -3.006295    3.462370   -1.757117 
     54          1           0       -1.647980    5.267241   -2.764471 
     55          1           0        0.831359    5.141558   -2.708932 
     56          1           0        1.962182    3.211831   -1.690851 
     57          1           0        3.801363   -4.784378   -0.819592 
     58          1           0        2.384347   -6.732241   -1.330996 
     59          1           0       -0.082374   -6.495642   -1.451809 
     60          1           0       -1.158571   -4.326388   -0.974396 
     61         14           0       -7.331458   -1.651454   -0.580829 
     62          6           0       -8.530975   -1.927913    0.855905 
     63          1           0       -8.851653   -0.965273    1.265329 
     64          1           0       -9.421938   -2.466011    0.508828 
     65          1           0       -8.085802   -2.512602    1.669357 
     66          6           0       -6.892702   -3.296941   -1.424832 
     67          1           0       -6.186904   -3.126596   -2.247005 
     68          1           0       -6.465260   -4.066384   -0.779682 
     69          1           0       -7.810056   -3.706285   -1.868203 
     70          6           0       -8.139197   -0.657939   -1.977224 
     71          1           0       -8.599838    0.267218   -1.628463 
     72          1           0       -7.409883   -0.409807   -2.758349 
     73          1           0       -8.915708   -1.276286   -2.445689 
     74          6           0        5.573938    0.205563    0.271147 
     75          6           0        5.265814   -2.337596   -0.114931 
     76          6           0        6.380074   -0.317324   -0.915990 
     77          6           0        5.972317   -0.635027    1.482587 
     78          6           0        6.207310   -1.694239   -1.129639 
     79          6           0        5.813006   -2.013031    1.274292 
     80          6           0        6.863058   -2.331299   -2.177033 
     81          6           0        7.213507    0.423217   -1.747439 
     82          6           0        6.125652   -2.920064    2.280342 
     83          6           0        6.448176   -0.159104    2.699325 
     84          6           0        6.769166   -1.071137    3.712431 
     85          6           0        6.609180   -2.441742    3.504474 
  400 
 
     86          6           0        7.702848   -1.586124   -3.014216 
     87          6           0        7.877849   -0.218533   -2.800290 
     88          1           0        8.533737    0.352641   -3.451714 
     89          1           0        8.221146   -2.077660   -3.833008 
     90          1           0        7.354580    1.488208   -1.577625 
     91          1           0        6.727961   -3.397284   -2.344267 
     92          1           0        5.997467   -3.987813    2.119481 
     93          1           0        6.569320    0.909106    2.862530 
     94          1           0        7.143906   -0.707702    4.665451 
     95          1           0        6.859801   -3.143166    4.295633 
     96          1           0        5.730342    1.268317    0.445778 
     97          1           0        5.150328   -3.408551   -0.272068 
     98          6           0        3.295321    2.196648    0.169377 
     99          6           0        2.636516    2.839848    1.228547 
    100          6           0        4.203956    2.946554   -0.596649 
    101          6           0        2.871537    4.182660    1.518371 
    102          1           0        1.933005    2.280517    1.837511 
    103          6           0        4.448919    4.291386   -0.321191 
    104          1           0        4.709895    2.475723   -1.435125 
    105          6           0        3.777968    4.899674    0.738916 
    106          1           0        2.358670    4.668305    2.341755 
    107          1           0        5.145960    4.862985   -0.924994 




Zero-point correction=                           0.734710 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.658095 
Sum of electronic and thermal Free Energies=        -2954.205557 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -2955.28315654 
--------------------------------------------------------------------- 
 Center        Atomic      Atomic           Coordinates (Angstroms) 
 Number       Number      Type          X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        3.915321    0.074451   -0.029364 
      2          6           0        3.803720   -1.299300   -0.427259 
      3          6           0        4.910032   -2.092439   -0.877858 
      4          6           0        6.177411   -1.561818   -0.854546 
      5          6           0        6.323410   -0.278553   -0.281197 
      6          6           0        5.270151    0.514482    0.182583 
      7          6           0        2.678054    0.759672    0.031236 
      8          6           0        1.468362    0.009657    0.042072 
      9          6           0        1.412199   -1.426481   -0.042076 
     10          6           0        2.611899   -2.049447   -0.476484 
     11          6           0        0.327159    0.875828    0.126310 
     12          6           0       -0.965780    0.287709    0.134681 
     13          6           0       -0.965436   -1.131539    0.345822 
     14          6           0        0.154114   -1.980603    0.306588 
     15          6           0       -2.285852    0.898779   -0.011891 
     16          6           0       -3.412500    0.123164    0.205686 
     17          6           0       -3.359593   -1.268274    0.591001 
     18          6           0       -2.146308   -1.897208    0.646952 
     19          6           0        5.860590    1.640133    0.967824 
  401 
 
     20          6           0        7.264832    1.601913    0.820390 
     21          6           0        7.623741    0.401938    0.008152 
     22          6           0        8.104083    2.489761    1.470083 
     23          6           0        7.530415    3.443190    2.324616 
     24          6           0        6.150229    3.453768    2.525917 
     25          6           0        5.303074    2.551205    1.860360 
     26          8           0        8.735218    0.028827   -0.326073 
     27          6           0        4.357349   -3.375111   -1.320978 
     28          6           0        2.949070   -3.348292   -1.095662 
     29          6           0        2.162285   -4.401262   -1.564127 
     30          6           0        2.780269   -5.491077   -2.190345 
     31          6           0        4.165910   -5.532227   -2.363579 
     32          6           0        4.963647   -4.463393   -1.938053 
     33          6           0        2.294104    2.173882    0.033016 
     34          6           0        0.873652    2.256202    0.168389 
     35          6           0        3.057077    3.327074   -0.140563 
     36          6           0        2.442696    4.580576   -0.049882 
     37          6           0        1.079123    4.668524    0.221532 
     38          6           0        0.291732    3.514069    0.322290 
     39          6           0       -0.288662   -3.312223    0.745664 
     40          6           0       -1.700756   -3.270457    0.941540 
     41          6           0       -2.369676   -4.398004    1.414406 
     42          6           0       -1.641857   -5.555093    1.714300 
     43          6           0       -0.253668   -5.578893    1.566568 
     44          6           0        0.431445   -4.457021    1.089948 
     45          6           0       -4.870158    0.582160    0.012057 
     46          6           0       -4.746004   -1.889183    0.777479 
     47          6           0       -5.496244   -0.385823   -0.990000 
     48          6           0       -5.436824   -1.724540   -0.575348 
     49          6           0       -5.558618    0.340170    1.353366 
     50          6           0       -5.485676   -0.997932    1.771596 
     51          6           0       -6.080671   -0.053009   -2.207098 
     52          6           0       -6.610659   -1.069049   -3.012090 
     53          6           0       -6.549766   -2.400589   -2.599066 
     54          6           0       -5.957457   -2.735485   -1.375030 
     55          6           0       -6.055207   -1.390478    2.977613 
     56          6           0       -6.708079   -0.437346    3.769131 
     57          6           0       -6.783913    0.892223    3.352521 
     58          6           0       -6.205888    1.287369    2.139626 
     59          1           0        9.179398    2.422166    1.330593 
     60          1           0        8.161167    4.154596    2.849975 
     61          1           0        5.714601    4.169236    3.218301 
     62          1           0        4.237597    2.570881    2.054546 
     63          1           0        1.083748   -4.381059   -1.461583 
     64          1           0        2.167562   -6.311830   -2.553283 
     65          1           0        4.625911   -6.388559   -2.848913 
     66          1           0        6.037590   -4.478812   -2.105669 
     67          1           0        4.118804    3.261642   -0.343784 
     68          1           0        3.035668    5.481685   -0.179305 
     69          1           0        0.606786    5.640745    0.332137 
     70          1           0       -0.763855    3.622487    0.515921 
     71          1           0       -3.441498   -4.392872    1.579649 
     72          1           0       -2.162661   -6.433324    2.085876 
  402 
 
     73          1           0        0.304057   -6.472314    1.833518 
     74          1           0        1.511386   -4.479105    1.004768 
     75          1           0       -4.952273    1.615636   -0.317588 
     76          1           0       -4.707506   -2.928471    1.098596 
     77          1           0       -6.125609    0.984257   -2.530253 
     78          1           0       -7.070899   -0.817332   -3.963707 
     79          1           0       -6.962816   -3.183308   -3.229523 
     80          1           0       -5.906625   -3.773405   -1.054833 
     81          1           0       -5.997426   -2.426657    3.302465 
     82          1           0       -7.158681   -0.736964    4.711381 
     83          1           0       -7.295109    1.625584    3.970289 
     84          1           0       -6.269280    2.322760    1.812858 
     85          6           0       -2.464404    2.279544   -0.545243 
     86          6           0       -1.982329    2.607838   -1.821016 
     87          6           0       -3.159065    3.264858    0.175802 
     88          6           0       -2.177727    3.877075   -2.363036 
     89          1           0       -1.445657    1.860359   -2.397324 
     90          6           0       -3.361709    4.540175   -0.351405 
     91          1           0       -3.529376    3.035322    1.171256 
     92          6           0       -2.866589    4.835590   -1.621314 
     93          1           0       -1.799714    4.120863   -3.350128 
     94          1           0       -3.892377    5.297345    0.216335 
     95         17           0       -3.116784    6.440054   -2.295770 




Zero-point correction=                           0.734795 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.658549 
Sum of electronic and thermal Free Energies=        -2954.202263 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -2955.27993275 
--------------------------------------------------------------------- 
 Center        Atomic       Atomic          Coordinates (Angstroms) 
 Number       Number       Type        X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -7.332946    4.038733    0.695137 
      2          6           0       -5.941462    4.108454    0.752706 
      3          6           0       -5.135813    2.990329    0.476143 
      4          6           0       -5.745768    1.791055    0.117763 
      5          6           0       -7.157230    1.720320    0.131189 
      6          6           0       -7.956420    2.817869    0.398269 
      7          6           0       -7.561687    0.292199   -0.012761 
      8          6           0       -6.277907   -0.471659   -0.082392 
      9          6           0       -5.203819    0.420461   -0.143900 
     10          6           0       -3.867772   -0.102615   -0.288719 
     11          6           0       -3.757006   -1.514108   -0.045436 
     12          6           0       -4.884035   -2.378962    0.147867 
     13          6           0       -6.156721   -1.872448    0.039376 
     14          8           0       -8.689670   -0.169974   -0.030732 
     15          6           0       -2.644665    0.544899   -0.576008 
     16          6           0       -1.422596   -0.173727   -0.426741 
     17          6           0       -1.326353   -1.596822   -0.215559 
     18          6           0       -2.555730   -2.254300    0.056438 
  403 
 
     19          6           0       -0.309246    0.717628   -0.562436 
     20          6           0        0.986447    0.216540   -0.300883 
     21          6           0        1.070681   -1.211450   -0.328128 
     22          6           0       -0.007757   -2.113116   -0.383346 
     23          6           0        2.230723    0.935434   -0.053205 
     24          6           0        3.409524    0.212609    0.018312 
     25          6           0        3.476861   -1.215438   -0.198970 
     26          6           0        2.319322   -1.923652   -0.379042 
     27          6           0       -4.358130   -3.697090    0.501442 
     28          6           0       -2.935424   -3.609047    0.515559 
     29          6           0       -2.198824   -4.665210    1.054946 
     30          6           0       -2.864503   -5.825282    1.470247 
     31          6           0       -4.254007   -5.933653    1.373468 
     32          6           0       -5.012868   -4.856541    0.902575 
     33          6           0       -2.282889    1.865901   -1.108568 
     34          6           0       -0.861786    1.994660   -1.060251 
     35          6           0       -3.050909    2.812890   -1.784551 
     36          6           0       -2.429191    3.936020   -2.341374 
     37          6           0       -1.046326    4.088103   -2.254543 
     38          6           0       -0.257000    3.112069   -1.634125 
     39          6           0        0.563459   -3.436557   -0.689840 
     40          6           0        1.987068   -3.332673   -0.646969 
     41          6           0        2.777611   -4.438359   -0.953994 
     42          6           0        2.166678   -5.637180   -1.337997 
     43          6           0        0.777552   -5.718879   -1.447004 
     44          6           0       -0.028998   -4.620017   -1.134285 
     45          1           0       -7.930959    4.919785    0.909712 
     46          1           0       -5.461968    5.045017    1.024841 
     47          1           0       -4.059662    3.075071    0.555378 
     48          1           0       -9.037807    2.713362    0.401114 
     49          1           0       -1.124186   -4.596302    1.168216 
     50          1           0       -2.287101   -6.648955    1.881294 
     51          1           0       -4.750826   -6.844491    1.695948 
     52          1           0       -6.098048   -4.915956    0.880959 
     53          1           0       -4.118557    2.675707   -1.905249 
     54          1           0       -3.028403    4.677516   -2.862476 
     55          1           0       -0.565828    4.954317   -2.701109 
     56          1           0        0.818071    3.222736   -1.640248 
     57          1           0        3.860474   -4.381382   -0.932988 
     58          1           0        2.782359   -6.498694   -1.581483 
     59          1           0        0.314282   -6.639910   -1.790025 
     60          1           0       -1.102556   -4.689486   -1.257659 
     61          6           0        4.794818    0.781887    0.373922 
     62          6           0        4.902244   -1.763866   -0.095592 
     63          6           0        5.697878    0.433148   -0.807436 
     64          6           0        5.296454   -0.025509    1.569493 
     65          6           0        5.749624   -0.945864   -1.066672 
     66          6           0        5.361840   -1.403606    1.316317 
     67          6           0        6.515135   -1.435795   -2.118730 
     68          6           0        6.417084    1.323617   -1.597579 
     69          6           0        5.793894   -2.283140    2.302448 
     70          6           0        5.666653    0.478693    2.811410 
     71          6           0        6.107790   -0.404650    3.804528 
  404 
 
     72          6           0        6.171067   -1.775632    3.551977 
     73          6           0        7.239582   -0.539521   -2.914429 
     74          6           0        7.192095    0.830503   -2.654828 
     75          1           0        7.759830    1.519630   -3.274144 
     76          1           0        7.842355   -0.915021   -3.736801 
     77          1           0        6.384148    2.391265   -1.392706 
     78          1           0        6.552801   -2.503433   -2.321812 
     79          1           0        5.839344   -3.351757    2.106552 
     80          1           0        5.614808    1.546681    3.009105 
     81          1           0        6.401305   -0.018659    4.776955 
     82          1           0        6.513648   -2.454724    4.327991 
     83          1           0        4.775743    1.849345    0.584621 
     84          1           0        4.962325   -2.833817   -0.287283 
     85          6           0        2.231070    2.392140    0.260690 
     86          6           0        1.450269    2.890585    1.315117 
     87          6           0        3.028172    3.299298   -0.458060 
     88          6           0        1.461296    4.244265    1.646517 
     89          1           0        0.829371    2.208750    1.888036 
     90          6           0        3.048366    4.656998   -0.141036 
     91          1           0        3.624315    2.939730   -1.292363 
     92          6           0        2.261981    5.118923    0.913613 
     93          1           0        0.856556    4.617570    2.466137 
     94          1           0        3.660866    5.349855   -0.708403 
     95         17           0        2.281189    6.828561    1.323285 
     96          1           0       -7.054250   -2.478659    0.125416 
 --------------------------------------------------------------------- 
model-1 
Zero-point correction=                           0.322761 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.277117 
Sum of electronic and thermal Free Energies=        -1112.280718 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -1112.72710428 
--------------------------------------------------------------------- 
 Center        Atomic      Atomic           Coordinates (Angstroms) 
 Number       Number      Type         X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        3.993096   -2.337936    0.633102 
      2          6           0        2.627239   -2.022436    0.343135 
      3          6           0        2.312106   -0.655583    0.174217 
      4          6           0        3.297307    0.374455    0.212051 
      5          6           0        4.598700    0.040111    0.501270 
      6          6           0        4.931079   -1.333496    0.720887 
      7          6           0        1.580635   -2.926594    0.125740 
      8          6           0        0.271841   -2.477982   -0.129613 
      9          6           0       -0.062896   -1.046685   -0.114470 
     10          6           0        1.029691   -0.142935   -0.099922 
     11          6           0       -0.740667   -3.446765   -0.424226 
     12          6           0       -2.040933   -3.078175   -0.650839 
     13          6           0       -2.386172   -1.728250   -0.444385 
     14          6           0       -1.464579   -0.740906   -0.110745 
     15          6           0       -3.767912   -1.155136   -0.433202 
     16          6           0        2.604800    1.613845   -0.160927 
     17          6           0        1.231003    1.297453   -0.398514 
     18          6           0       -2.233946    0.463965    0.335436 
  405 
 
     19          6           0       -3.606084    0.232936    0.091075 
     20          6           0        0.401799    2.268473   -0.961926 
     21          6           0        0.907138    3.552740   -1.199749 
     22          6           0        2.233241    3.872048   -0.899978 
     23          6           0        3.095472    2.894080   -0.391452 
     24          6           0       -4.588455    1.139567    0.448822 
     25          6           0       -4.199659    2.318582    1.102187 
     26          6           0       -2.855391    2.531670    1.404872 
     27          6           0       -1.861870    1.607792    1.035451 
     28          1           0        4.284169   -3.375517    0.775185 
     29          1           0        5.382555    0.791456    0.553483 
     30          1           0        5.963721   -1.586827    0.944931 
     31          1           0        1.771734   -3.997311    0.132575 
     32          1           0       -0.444898   -4.491691   -0.470196 
     33          1           0       -0.622784    2.040900   -1.229337 
     34          1           0        0.255694    4.306854   -1.632958 
     35          1           0        2.605330    4.875363   -1.088176 
     36          1           0        4.140618    3.127732   -0.204368 
     37          1           0       -5.632377    0.917427    0.245547 
     38          1           0       -4.945800    3.050765    1.397424 
     39          1           0       -2.562860    3.427634    1.946031 
     40          1           0       -0.830325    1.793229    1.307583 
     41          1           0       -2.813506   -3.797884   -0.903559 





One imaginary frequency=                       -162.97 cm-1 
Zero-point correction=                           0.321896 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.276632 
Sum of electronic and thermal Free Energies=        -1112.246318 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -1112.69169415 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number    Number      Type            X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        2.050917   -3.106579   -0.254090 
      2          6           0        2.373263   -1.757162   -0.060336 
      3          6           0        3.696558   -1.328206    0.466858 
      4          6           0        0.759131   -3.390058   -0.571244 
      5          6           0       -0.241498   -2.368692   -0.541422 
      6          6           0        0.085510   -0.922257   -0.415201 
1.52 Å
  406 
 
      7          6           0        1.520690   -0.663445   -0.263829 
      8          6           0       -1.549479   -2.876384   -0.489351 
      9          6           0       -2.619977   -2.062298   -0.145333 
     10          6           0       -2.324409   -0.687581   -0.033755 
     11          6           0       -1.071294   -0.061281   -0.282403 
     12          6           0       -3.953629   -2.499022    0.131783 
     13          6           0       -4.905418   -1.594953    0.538621 
     14          6           0       -4.598900   -0.208135    0.671149 
     15          6           0       -3.332778    0.234146    0.370926 
     16          6           0        3.664327    0.146758    0.436238 
     17          6           0        2.432618    0.554203   -0.135629 
     18          6           0       -1.401481    1.410188   -0.208947 
     19          6           0       -2.733730    1.556914    0.291489 
     20          6           0        2.391941    1.861639   -0.602647 
     21          6           0        3.450520    2.751332   -0.347773 
     22          6           0        4.595475    2.349651    0.332135 
     23          6           0        4.720832    1.003010    0.692462 
     24          6           0       -3.324290    2.798922    0.496188 
     25          6           0       -2.628577    3.954923    0.137624 
     26          6           0       -1.387801    3.830678   -0.484241 
     27          6           0       -0.795246    2.576383   -0.672622 
     28          1           0        0.432738   -4.413142   -0.734932 
     29          1           0       -1.693397   -3.946986   -0.610832 
     30          1           0       -4.196371   -3.553766    0.032326 
     31          1           0       -5.912572   -1.934565    0.763715 
     32          1           0       -5.373705    0.481711    0.995436 
     33          1           0        1.590847    2.209649   -1.223423 
     34          1           0        3.367948    3.772166   -0.711642 
     35          1           0        5.398492    3.054293    0.527056 
     36          1           0        5.633036    0.606768    1.129673 
     37          1           0       -4.332847    2.863983    0.896641 
     38          1           0       -3.073160    4.934108    0.291013 
     39          1           0       -0.871627    4.714696   -0.848873 
     40          1           0        0.104296    2.536785   -1.253958 
     41          8           0        4.608289   -2.059933    0.817697 




Zero-point correction=                           0.359606 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.313340 
Sum of electronic and thermal Free Energies=        -1152.552823 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -1153.05407134 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number    Number      Type            X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        3.685721   -2.974324    0.654251 
      2          6           0        2.416684   -2.357789    0.398021 
      3          6           0        2.414811   -0.954005    0.205215 
      4          6           0        3.615696   -0.179884    0.182540 
      5          6           0        4.812786   -0.801307    0.440095 
      6          6           0        4.829995   -2.212462    0.687175 
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      7          6           0        1.191766   -2.999689    0.229236 
      8          6           0        0.000036   -2.268583   -0.000006 
      9          6           0        0.000024   -0.785747    0.000066 
     10          6           0        1.281336   -0.166384   -0.047633 
     11          6           0       -1.191699   -2.999698   -0.229308 
     12          6           0       -2.416606   -2.357812   -0.398087 
     13          6           0       -2.414748   -0.954014   -0.205303 
     14          6           0       -1.281324   -0.166394    0.047667 
     15          6           0       -3.685650   -2.974381   -0.654267 
     16          6           0       -4.829947   -2.212567   -0.687088 
     17          6           0       -4.812768   -0.801407   -0.439964 
     18          6           0       -3.615681   -0.179936   -0.182551 
     19          6           0        3.216527    1.176028   -0.208274 
     20          6           0        1.798994    1.178985   -0.398467 
     21          6           0       -1.799014    1.178971    0.398498 
     22          6           0       -3.216552    1.175968    0.208311 
     23          6           0        1.199246    2.299000   -0.977242 
     24          6           0        1.979845    3.423843   -1.271993 
     25          6           0        3.352637    3.437735   -1.014720 
     26          6           0        3.981661    2.301316   -0.494512 
     27          6           0       -3.981723    2.301249    0.494474 
     28          6           0       -3.352747    3.437701    1.014667 
     29          6           0       -1.979962    3.423847    1.271968 
     30          6           0       -1.199315    2.299032    0.977229 
     31          1           0        3.734961   -4.048498    0.813886 
     32          1           0        5.750304   -0.250869    0.446064 
     33          1           0        5.785046   -2.691268    0.885623 
     34          1           0        1.133672   -4.085641    0.255018 
     35          1           0       -1.133576   -4.085647   -0.255157 
     36          1           0       -3.734849   -4.048548   -0.813957 
     37          1           0       -5.784996   -2.691392   -0.885498 
     38          1           0       -5.750315   -0.251016   -0.445805 
     39          1           0        0.142415    2.305158   -1.213559 
     40          1           0        1.506137    4.295254   -1.716192 
     41          1           0        3.939326    4.322670   -1.245723 
     42          1           0        5.058183    2.291515   -0.341954 
     43          1           0       -5.058239    2.291412    0.341877 
     44          1           0       -3.939465    4.322626    1.245637 
     45          1           0       -1.506282    4.295279    1.716158 






  408 
 
One imaginary frequency=                       -207.41 cm-1 
Zero-point correction=                           0.358628 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.312569 
Sum of electronic and thermal Free Energies=        -1152.520596 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -1153.02046026 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number    Number      Type            X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -3.614552   -3.107381   -0.033625 
      2          6           0       -2.402021   -2.377319    0.188172 
      3          6           0       -2.417942   -0.969467    0.052988 
      4          6           0       -3.624874   -0.309765   -0.328411 
      5          6           0       -4.768268   -1.029639   -0.574249 
      6          6           0       -4.756559   -2.448691   -0.413986 
      7          6           0       -1.173253   -2.927315    0.494285 
      8          6           0        0.000158   -2.139973    0.503908 
      9          6           0        0.000038   -0.644200    0.379597 
     10          6           0       -1.335029   -0.073322    0.255821 
     11          6           0        1.173743   -2.927080    0.495082 
     12          6           0        2.402513   -2.376964    0.189215 
     13          6           0        2.418123   -0.969187    0.053205 
     14          6           0        1.335051   -0.073172    0.255683 
     15          6           0        3.615282   -3.106854   -0.031858 
     16          6           0        4.757212   -2.448097   -0.412331 
     17          6           0        4.768583   -1.029143   -0.573528 
     18          6           0        3.624962   -0.309402   -0.328366 
     19          6           0       -3.339431    1.112843   -0.298004 
     20          6           0       -1.992768    1.284833    0.154125 
     21          6           0        1.992561    1.285047    0.153523 
     22          6           0        3.339157    1.113154   -0.298834 
     23          6           0       -1.650112    2.580153    0.539105 
     24          6           0       -2.515936    3.660064    0.332282 
     25          6           0       -3.776403    3.477293   -0.233214 
     26          6           0       -4.203087    2.180363   -0.519685 
     27          6           0        4.202484    2.180819   -0.521108 
     28          6           0        3.775490    3.477752   -0.235091 
     29          6           0        2.515181    3.660430    0.330793 
     30          6           0        1.649699    2.580374    0.538265 
     31          1           0       -3.608754   -4.187662    0.086911 
     32          1           0       -5.687601   -0.534858   -0.877031 
     33          1           0       -5.670438   -3.006960   -0.596930 
     34          1           0       -1.071149   -4.001895    0.623302 
     35          1           0        1.071769   -4.001654    0.624253 
     36          1           0        3.609693   -4.187083    0.089155 
     37          1           0        5.671262   -3.006249   -0.594778 
     38          1           0        5.687867   -0.534315   -0.876388 
     39          1           0       -0.740819    2.775774    1.068574 
     40          1           0       -2.195209    4.652861    0.636567 
     41          1           0       -4.435328    4.324435   -0.401314 
     42          1           0       -5.212015    1.998110   -0.881532 
     43          1           0        5.211401    1.998715   -0.883065 
     44          1           0        4.434156    4.324997   -0.403689 
  409 
 
     45          1           0        2.194341    4.653262    0.634846 




Zero-point correction=                           0.618060 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.551298 
Sum of electronic and thermal Free Energies=        -2173.320153 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -2174.19761186 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number    Number      Type            X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        4.999423    4.247700   -1.413477 
      2          6           0        3.627150    4.481962   -1.494018 
      3          6           0        2.689641    3.520734   -1.076944 
      4          6           0        3.151027    2.317268   -0.551289 
      5          6           0        4.538428    2.074074   -0.530566 
      6          6           0        5.468244    3.011914   -0.943014 
      7          6           0        4.761059    0.646851   -0.168602 
      8          6           0        3.396072    0.054174    0.043634 
      9          6           0        2.452790    1.073124   -0.109526 
     10          6           0        1.053598    0.756747    0.005024 
     11          6           0        0.777725   -0.638191   -0.163390 
     12          6           0        1.791387   -1.662196   -0.162566 
     13          6           0        3.108302   -1.350832    0.161920 
     14          8           0        5.836759    0.068924   -0.149132 
     15          6           0       -0.075529    1.581951    0.173511 
     16          6           0       -1.378089    1.021575    0.012583 
     17          6           0       -1.651486   -0.388320   -0.137733 
     18          6           0       -0.504020   -1.210949   -0.311870 
     19          6           0       -2.363578    2.054215    0.062865 
     20          6           0       -3.709606    1.716231   -0.211602 
     21          6           0       -3.976805    0.311751   -0.144789 
     22          6           0       -3.029593   -0.727700   -0.020985 
     23          6           0       -4.839954    2.564639   -0.530730 
     24          6           0       -6.098818    1.996039   -0.594061 
     25          6           0       -6.362190    0.617175   -0.359116 
     26          6           0       -5.302836   -0.224270   -0.144086 
     27          6           0        1.105268   -2.903172   -0.567441 
     28          6           0       -0.285099   -2.615650   -0.705392 
     29          6           0       -1.124605   -3.538791   -1.329932 
     30          6           0       -0.605039   -4.769747   -1.746901 
     31          6           0        0.749176   -5.063312   -1.582466 
     32          6           0        1.614063   -4.120138   -1.015143 
     33          6           0       -0.271351    2.976494    0.594272 
     34          6           0       -1.665135    3.276080    0.504404 
     35          6           0        0.601499    3.876532    1.203948 
     36          6           0        0.115744    5.105207    1.665549 
     37          6           0       -1.240384    5.410894    1.558469 
     38          6           0       -2.136598    4.491845    0.999337 
     39          6           0       -3.794967   -1.962021    0.261054 
     40          6           0       -5.183062   -1.656804    0.139308 
  410 
 
     41          6           0       -6.154773   -2.620061    0.384033 
     42          6           0       -5.755536   -3.897554    0.794022 
     43          6           0       -4.401671   -4.184313    0.983289 
     44          6           0       -3.416645   -3.222268    0.727640 
     45          1           0        5.701204    5.009403   -1.740856 
     46          1           0        3.266961    5.424835   -1.897024 
     47          1           0        1.631490    3.725014   -1.179920 
     48          1           0        6.527986    2.773991   -0.919336 
     49          1           0       -6.937516    2.638005   -0.854558 
     50          1           0       -7.386474    0.254683   -0.390554 
     51          1           0       -2.164962   -3.304319   -1.518492 
     52          1           0       -1.261355   -5.489924   -2.227750 
     53          1           0        1.145374   -6.012846   -1.931669 
     54          1           0        2.677742   -4.326558   -0.974189 
     55          1           0        1.645584    3.625254    1.347436 
     56          1           0        0.797577    5.808679    2.135188 
     57          1           0       -1.616498    6.354459    1.944375 
     58          1           0       -3.193565    4.720037    1.005333 
     59          1           0       -7.210633   -2.380499    0.284984 
     60          1           0       -6.504119   -4.659662    0.992518 
     61          1           0       -4.103614   -5.165277    1.343307 
     62          1           0       -2.376058   -3.460816    0.909335 
     63         14           0        4.377165   -2.586865    0.926651 
     64          6           0        5.539020   -3.322785   -0.372594 
     65          1           0        6.148018   -2.529823   -0.816870 
     66          1           0        6.214018   -4.054015    0.089496 
     67          1           0        5.000451   -3.831968   -1.180326 
     68          6           0        3.429976   -3.953162    1.846431 
     69          1           0        2.755820   -3.513471    2.591591 
     70          1           0        2.836943   -4.625046    1.223717 
     71          1           0        4.160200   -4.563837    2.393502 
     72          6           0        5.342930   -1.724016    2.309944 
     73          1           0        6.080383   -1.014726    1.931647 
     74          1           0        4.666174   -1.192142    2.990068 
     75          1           0        5.865557   -2.484513    2.904235 
     76          6           0       -4.702110    4.023389   -0.908116 
     77          1           0       -4.944033    4.695714   -0.075391 
     78          1           0       -3.694892    4.266821   -1.252224 




Zero-point correction=                           0.618220 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.551080 
Sum of electronic and thermal Free Energies=        -2173.320167 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -2174.19753741 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number    Number      Type            X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -4.539457    4.043840    2.534923 
      2          6           0       -3.170244    4.262984    2.384767 
      3          6           0       -2.354299    3.363141    1.676979 
  411 
 
      4          6           0       -2.941635    2.243399    1.095952 
      5          6           0       -4.315765    2.010491    1.297133 
      6          6           0       -5.124184    2.885590    2.000524 
      7          6           0       -4.643902    0.652514    0.776604 
      8          6           0       -3.367380    0.107691    0.199591 
      9          6           0       -2.373026    1.071064    0.369259 
     10          6           0       -1.015050    0.744364    0.029306 
     11          6           0       -0.779777   -0.665533   -0.041511 
     12          6           0       -1.830348   -1.642082   -0.202050 
     13          6           0       -3.162875   -1.242759   -0.261196 
     14          8           0       -5.708770    0.070271    0.909454 
     15          6           0        0.104924    1.550245   -0.252012 
     16          6           0        1.401451    0.960177   -0.255506 
     17          6           0        1.642896   -0.436612    0.006258 
     18          6           0        0.489271   -1.269086   -0.079776 
     19          6           0        2.403994    1.937848   -0.547958 
     20          6           0        3.761598    1.517973   -0.590980 
     21          6           0        3.981201    0.204169   -0.057863 
     22          6           0        2.996915   -0.748333    0.283961 
     23          6           0        4.953164    2.194905   -1.073654 
     24          6           0        6.190137    1.620786   -0.840622 
     25          6           0        6.386832    0.386352   -0.164116 
     26          6           0        5.282064   -0.329643    0.210125 
     27          6           0       -1.139948   -2.942181   -0.333396 
     28          6           0        0.267798   -2.708554   -0.304557 
     29          6           0        1.151599   -3.760693   -0.543554 
     30          6           0        0.648760   -5.057438   -0.701255 
     31          6           0       -0.721606   -5.303293   -0.610930 
     32          6           0       -1.621397   -4.245329   -0.430412 
     33          6           0        0.279699    2.957022   -0.621131 
     34          6           0        1.680145    3.218827   -0.737738 
     35          6           0       -0.655728    3.949747   -0.905869 
     36          6           0       -0.217510    5.246273   -1.195843 
     37          6           0        1.144871    5.539385   -1.184350 
     38          6           0        2.093265    4.532919   -0.960070 
     39          6           0        3.690747   -1.869686    0.947344 
     40          6           0        5.091582   -1.621177    0.876473 
     41          6           0        6.003390   -2.493119    1.460552 
     42          6           0        5.523316   -3.610848    2.153342 
     43          6           0        4.148546   -3.829598    2.275541 
     44          6           0        3.224629   -2.960807    1.682340 
     45          1           0       -5.145987    4.756101    3.086938 
     46          1           0       -2.715909    5.142904    2.832455 
     47          1           0       -1.289283    3.546255    1.603617 
     48          1           0       -6.176823    2.658759    2.144468 
     49          1           0        7.068814    2.136441   -1.221264 
     50          1           0        7.396063    0.017378   -0.000650 
     51          1           0        2.218402   -3.586016   -0.607392 
     52          1           0        1.337009   -5.878611   -0.881687 
     53          1           0       -1.098763   -6.318656   -0.696108 
     54          1           0       -2.683192   -4.452371   -0.369014 
     55          1           0       -1.716303    3.727060   -0.899466 
     56          1           0       -0.943513    6.024704   -1.412970 
  412 
 
     57          1           0        1.483979    6.555797   -1.365102 
     58          1           0        3.138222    4.801072   -0.955435 
     59          1           0        7.071966   -2.301491    1.402090 
     60          1           0        6.224094   -4.298970    2.618115 
     61          1           0        3.787094   -4.680860    2.845953 
     62          1           0        2.162545   -3.135643    1.808694 
     63         14           0       -4.599111   -2.228520   -1.095791 
     64          6           0       -3.904143   -3.119265   -2.624765 
     65          1           0       -3.566876   -2.372606   -3.354677 
     66          1           0       -3.076006   -3.808421   -2.454798 
     67          1           0       -4.718491   -3.683681   -3.098113 
     68          6           0       -5.429484   -3.418964    0.118157 
     69          1           0       -5.904568   -2.846986    0.922327 
     70          1           0       -6.209323   -4.001855   -0.387658 
     71          1           0       -4.728713   -4.125246    0.577154 
     72          6           0       -5.879417   -1.057283   -1.858980 
     73          1           0       -6.595142   -0.674682   -1.130296 
     74          1           0       -5.398324   -0.200253   -2.346355 
     75          1           0       -6.428016   -1.602737   -2.637569 
     76          6           0        4.932954    3.448684   -1.918688 
     77          1           0        4.025156    3.526760   -2.520480 
     78          1           0        5.020881    4.361491   -1.316320 





One imaginary frequency=                       -194.99 cm-1 
Zero-point correction=                           0.616806 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.549784 
Sum of electronic and thermal Free Energies=        -2173.290468 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -2174.16667084 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number    Number      Type            X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -4.148789   -4.488194   -2.061165 
      2          6           0       -2.799776   -4.623894   -1.735535 
      3          6           0       -2.081762   -3.584433   -1.118400 
      4          6           0       -2.746776   -2.401575   -0.809027 
      5          6           0       -4.098282   -2.264853   -1.183335 
      6          6           0       -4.809933   -3.278979   -1.799002 
1.49 Å
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      7          6           0       -4.519931   -0.858567   -0.930078 
      8          6           0       -3.327637   -0.171650   -0.327161 
      9          6           0       -2.292150   -1.097138   -0.239836 
     10          6           0       -0.994964   -0.654558    0.188411 
     11          6           0       -0.775862    0.755200    0.124114 
     12          6           0       -1.881055    1.672043   -0.017685 
     13          6           0       -3.202870    1.235194   -0.061824 
     14          8           0       -5.585217   -0.357506   -1.254560 
     15          6           0        0.106673   -1.392369    0.620270 
     16          6           0        1.401060   -0.796224    0.545424 
     17          6           0        1.681153    0.615907    0.321794 
     18          6           0        0.468038    1.426589    0.287529 
     19          6           0        2.352043   -1.866786    0.619212 
     20          6           0        3.618236   -1.651655    0.052823 
     21          6           0        3.914584   -0.269626   -0.175659 
     22          6           0        3.091988    0.869589    0.088104 
     23          6           0        4.583895   -2.632772   -0.409942 
     24          6           0        5.757743   -2.189260   -0.984350 
     25          6           0        6.077339   -0.817270   -1.141581 
     26          6           0        5.165034    0.121862   -0.742071 
     27          6           0       -1.286785    3.005124   -0.000219 
     28          6           0        0.104782    2.878451    0.289889 
     29          6           0        0.789776    4.054208    0.581952 
     30          6           0        0.192457    5.307187    0.407084 
     31          6           0       -1.114164    5.411037   -0.062527 
     32          6           0       -1.864604    4.247184   -0.247980 
     33          6           0        0.259228   -2.750019    1.142097 
     34          6           0        1.649428   -3.040471    1.170628 
     35          6           0       -0.665458   -3.610648    1.730940 
     36          6           0       -0.206717   -4.780869    2.345043 
     37          6           0        1.160479   -5.059782    2.399420 
     38          6           0        2.094869   -4.187345    1.827838 
     39          6           0        4.006316    2.046401   -0.133323 
     40          6           0        5.210546    1.571618   -0.733489 
     41          6           0        6.254963    2.412965   -1.099601 
     42          6           0        6.164348    3.776513   -0.816033 
     43          6           0        5.057511    4.245545   -0.111599 
     44          6           0        4.006073    3.390955    0.240084 
     45          1           0       -4.678549   -5.308386   -2.537121 
     46          1           0       -2.282402   -5.550408   -1.970245 
     47          1           0       -1.029209   -3.716373   -0.904535 
     48          1           0       -5.846912   -3.121292   -2.081921 
     49          1           0        6.462501   -2.928972   -1.356205 
     50          1           0        7.021958   -0.532664   -1.597477 
     51          1           0        1.775612    4.020521    0.995748 
     52          1           0        0.767036    6.201801    0.631043 
     53          1           0       -1.559390    6.383917   -0.250159 
     54          1           0       -2.893703    4.314790   -0.580986 
     55          1           0       -1.723083   -3.369486    1.737518 
     56          1           0       -0.917634   -5.458297    2.809658 
     57          1           0        1.509979   -5.951450    2.912615 
     58          1           0        3.151292   -4.393795    1.941213 
     59          1           0        7.145342    2.005128   -1.571510 
  414 
 
     60          1           0        6.968231    4.451692   -1.095189 
     61          1           0        5.007268    5.287999    0.190937 
     62          1           0        3.242314    3.794793    0.873583 
     63         14           0       -4.759003    2.253471    0.471563 
     64          6           0       -4.279589    3.469944    1.851379 
     65          1           0       -3.844509    2.921412    2.696027 
     66          1           0       -3.582299    4.263461    1.580830 
     67          1           0       -5.200777    3.942848    2.216873 
     68          6           0       -5.584193    3.130565   -0.987691 
     69          1           0       -5.935401    2.386189   -1.709456 
     70          1           0       -6.452600    3.706182   -0.643616 
     71          1           0       -4.914063    3.821067   -1.512124 
     72          6           0       -5.996334    1.117729    1.353345 
     73          1           0       -6.595563    0.521200    0.664534 
     74          1           0       -5.489611    0.435213    2.046918 
     75          1           0       -6.672190    1.740930    1.952732 
     76          6           0        4.342411   -4.124544   -0.394174 
     77          1           0        4.644729   -4.586558    0.553318 
     78          1           0        3.293696   -4.378768   -0.562272 




Zero-point correction=                           0.917853 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.827211 
Sum of electronic and thermal Free Energies=        -3605.636596 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -3607.00340356 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number    Number      Type            X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        5.020642   -0.143077    0.165624 
      2          6           0        4.871050   -1.559634    0.321275 
      3          6           0        5.974179   -2.447835    0.548520 
      4          6           0        7.259583   -1.965050    0.485878 
      5          6           0        7.421068   -0.603257    0.142590 
      6          6           0        6.371183    0.297279   -0.050291 
      7          6           0        6.941921    1.564926   -0.592391 
      8          6           0        8.349609    1.452632   -0.601591 
      9          6           0        8.721323    0.087705   -0.120758 
     10          6           0        9.169354    2.454275   -1.090683 
     11          6           0        8.568308    3.610670   -1.610617 
  415 
 
     12          6           0        7.177844    3.715876   -1.647090 
     13          6           0        6.350247    2.696093   -1.146667 
     14          8           0        9.839505   -0.380222    0.009197 
     15          6           0        3.817861    0.577384    0.332335 
     16          6           0        2.578213   -0.110780    0.218015 
     17          6           0        2.456249   -1.537281    0.076623 
     18          6           0        3.650525   -2.263183    0.365893 
     19          6           0        1.480342    0.809084    0.322712 
     20          6           0        0.181271    0.350683   -0.034713 
     21          6           0        0.090151   -1.057035   -0.302683 
     22          6           0        1.156268   -1.980995   -0.274450 
     23          6           0       -1.050930    1.124442   -0.213221 
     24          6           0       -2.222761    0.460586   -0.545072 
     25          6           0       -2.280417   -0.986268   -0.755901 
     26          6           0       -1.138986   -1.740311   -0.637589 
     27          6           0       -3.697109    0.988371   -0.697366 
     28          6           0       -4.418231    0.333874    0.515931 
     29          6           0       -4.414494   -1.038724    0.335169 
     30          6           0       -3.752176   -1.368341   -1.020776 
     31          6           0       -4.900431    0.918839    1.743867 
     32          6           0       -5.424327    0.046333    2.752686 
     33          6           0       -5.338339   -1.399285    2.587410 
     34          6           0       -4.785582   -1.945090    1.388275 
     35          6           0        5.398171   -3.752290    0.881325 
     36          6           0        3.977403   -3.635283    0.815501 
     37          6           0        3.189807   -4.684775    1.292192 
     38          6           0        3.807356   -5.859155    1.740323 
     39          6           0        5.198007   -5.990549    1.734142 
     40          6           0        6.004233   -4.925014    1.317716 
     41          6           0        3.508387    1.933518    0.783251 
     42          6           0        2.087300    2.072988    0.832918 
     43          6           0        4.347211    2.899102    1.337920 
     44          6           0        3.790469    4.030280    1.942101 
     45          6           0        2.406577    4.157559    2.029767 
     46          6           0        1.557491    3.178694    1.497013 
     47          6           0        0.623485   -3.276198   -0.710429 
     48          6           0       -0.791514   -3.164322   -0.831064 
     49          6           0       -1.543547   -4.302390   -1.122629 
     50          6           0       -0.893106   -5.507786   -1.408496 
     51          6           0        0.499993   -5.574631   -1.430695 
     52          6           0        1.265309   -4.458655   -1.081831 
     53          6           0       -4.078824    2.346572   -1.257174 
     54          6           0       -4.178473   -2.516315   -1.909501 
     55          6           0       -4.884795    2.313486    2.001610 
     56          6           0       -5.397183    2.842680    3.170011 
     57          6           0       -5.957618    1.991897    4.135808 
     58          6           0       -5.963684    0.626880    3.925183 
     59          6           0       -5.723046   -2.297701    3.611217 
     60          6           0       -5.538391   -3.661486    3.489853 
     61          6           0       -4.938316   -4.188532    2.334028 
     62          6           0       -4.571739   -3.343317    1.306290 
     63          6           0       -5.418710   -3.148599   -1.750021 
     64          6           0       -5.873441   -4.078262   -2.687181 
  416 
 
     65          6           0       -5.110166   -4.371044   -3.816642 
     66          6           0       -3.893248   -3.714506   -4.008925 
     67          6           0       -3.439531   -2.790008   -3.071029 
     68          6           0       -3.284083    2.951045   -2.240418 
     69          6           0       -3.705785    4.101689   -2.903407 
     70          6           0       -4.954718    4.657141   -2.624679 
     71          6           0       -5.786116    4.027980   -1.699503 
     72          6           0       -5.358896    2.876421   -1.037390 
     73          6           0       -1.024839    2.612106   -0.125135 
     74          6           0       -1.759878    3.298627    0.848794 
     75          6           0       -0.270233    3.360378   -1.040700 
     76          6           0       -1.762632    4.692479    0.904468 
     77          6           0       -0.264105    4.752565   -1.002536 
     78          6           0       -1.016391    5.409144   -0.029046 
     79         17           0       -1.012915    7.166415    0.028845 
     80          6           0       -4.158044   -0.058448   -1.743540 
     81          8           0       -4.671798    0.097616   -2.811200 
     82          1           0        8.139516   -2.582081    0.645548 
     83          1           0       10.248230    2.326805   -1.082349 
     84          1           0        9.183535    4.415522   -2.002571 
     85          1           0        6.718611    4.602473   -2.076140 
     86          1           0        5.273118    2.801127   -1.201116 
     87          1           0        2.110958   -4.597820    1.333730 
     88          1           0        3.190622   -6.675151    2.107153 
     89          1           0        5.657401   -6.912231    2.080351 
     90          1           0        7.087420   -5.005960    1.360192 
     91          1           0        5.421536    2.759469    1.342551 
     92          1           0        4.439893    4.784840    2.377065 
     93          1           0        1.969328    5.014156    2.535234 
     94          1           0        0.494794    3.285695    1.643656 
     95          1           0       -2.621773   -4.267277   -1.164456 
     96          1           0       -1.485058   -6.387073   -1.646886 
     97          1           0        0.997715   -6.499265   -1.709882 
     98          1           0        2.345524   -4.518996   -1.103175 
     99          1           0       -4.480803    2.983055    1.256450 
    100          1           0       -5.375227    3.916845    3.331937 
    101          1           0       -6.379645    2.401000    5.049464 
    102          1           0       -6.393635   -0.008235    4.690496 
    103          1           0       -6.153235   -1.918299    4.530419 
    104          1           0       -5.838478   -4.321142    4.299274 
    105          1           0       -4.756929   -5.256159    2.248615 
    106          1           0       -4.099371   -3.754740    0.424877 
    107          1           0       -6.041605   -2.913953   -0.893845 
    108          1           0       -6.833736   -4.563613   -2.534683 
    109          1           0       -5.465373   -5.092850   -4.547108 
    110          1           0       -3.295987   -3.916516   -4.893815 
    111          1           0       -2.496051   -2.279331   -3.237777 
    112          1           0       -2.329591    2.510631   -2.502261 
    113          1           0       -3.059070    4.556281   -3.648977 
    114          1           0       -5.284127    5.555732   -3.139076 
    115          1           0       -6.778362    4.422405   -1.497169 
    116          1           0       -6.039727    2.381719   -0.353591 
    117          1           0       -2.317223    2.736619    1.589528 
  417 
 
    118          1           0        0.316200    2.847174   -1.797218 
    119          1           0       -2.331894    5.215745    1.665514 





Zero-point correction=                           0.917888 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.827844 
Sum of electronic and thermal Free Energies=        -3605.640953 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -3607.00767700 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number    Number      Type            X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -5.030370   -0.087140    0.070329 
      2          6           0       -4.961611    1.251713   -0.440688 
      3          6           0       -6.108050    2.021543   -0.827324 
      4          6           0       -7.365995    1.504168   -0.632085 
      5          6           0       -7.450983    0.269579    0.050818 
      6          6           0       -6.355771   -0.494384    0.462808 
      7          6           0       -6.860720   -1.541619    1.401717 
      8          6           0       -8.272655   -1.501459    1.401620 
      9          6           0       -8.714355   -0.370769    0.532950 
     10          6           0       -9.038833   -2.318467    2.214436 
     11          6           0       -8.378292   -3.197111    3.086070 
     12          6           0       -6.984590   -3.203411    3.140680 
     13          6           0       -6.212351   -2.373515    2.309945 
     14          8           0       -9.854299   -0.014326    0.288942 
     15          6           0       -3.794455   -0.776960    0.052585 
     16          6           0       -2.588609   -0.042230   -0.132177 
     17          6           0       -2.543575    1.381181   -0.327241 
     18          6           0       -3.781549    1.986904   -0.664763 
     19          6           0       -1.443153   -0.905830   -0.099264 
     20          6           0       -0.158477   -0.325662   -0.312720 
     21          6           0       -0.134864    1.103261   -0.203101 
     22          6           0       -1.256790    1.946800   -0.152497 
     23          6           0        1.130068   -0.966013   -0.585950 
     24          6           0        2.278523   -0.184947   -0.591359 
     25          6           0        2.265978    1.245863   -0.279704 
     26          6           0        1.071321    1.886658   -0.069783 
     27          6           0        3.783895   -0.573294   -0.815949 
  418 
 
     28          6           0        4.403787   -0.398959    0.599073 
     29          6           0        4.322339    0.939168    0.945217 
     30          6           0        3.725494    1.735727   -0.238491 
     31          6           0        4.877025   -1.383760    1.542513 
     32          6           0        5.286764   -0.938534    2.841316 
     33          6           0       -5.602992    3.270169   -1.405202 
     34          6           0       -4.179390    3.249843   -1.319485 
     35          6           0       -3.442697    4.276407   -1.911050 
     36          6           0       -4.120146    5.334110   -2.530588 
     37          6           0       -5.516181    5.368500   -2.574168 
     38          6           0       -6.267658    4.326419   -2.018020 
     39          6           0       -3.411854   -2.186603    0.150343 
     40          6           0       -1.984762   -2.268940    0.153623 
     41          6           0       -4.190061   -3.342224    0.176267 
     42          6           0       -3.573335   -4.584775    0.355385 
     43          6           0       -2.192093   -4.654975    0.520528 
     44          6           0       -1.396777   -3.506666    0.411588 
     45          6           0       -0.786351    3.286738    0.210974 
     46          6           0        0.637337    3.259137    0.275605 
     47          6           0        1.323662    4.386147    0.725358 
     48          6           0        0.607411    5.527911    1.103147 
     49          6           0       -0.787005    5.542879    1.057518 
     50          6           0       -1.492661    4.418253    0.620632 
     51          6           0        4.253118   -1.615656   -1.813288 
     52          6           0        4.136728    3.151060   -0.582509 
     53          6           0        4.965907   -2.768105    1.246044 
     54          6           0        5.467562   -3.676033    2.158170 
     55          6           0        5.909612   -3.233234    3.414776 
     56          6           0        5.814986   -1.894562    3.741226 
     57          6           0        3.434587    3.853073   -1.573911 
     58          6           0        3.888946    5.086005   -2.038195 
     59          6           0        5.069643    5.634714   -1.535965 
     60          6           0        5.798554    4.928329   -0.579675 
     61          6           0        5.343507    3.692496   -0.117805 
     62          6           0        3.502245   -1.884398   -2.965056 
     63          6           0        4.003568   -2.698234   -3.979537 
     64          6           0        5.286548   -3.236529   -3.881115 
     65          6           0        6.070686   -2.925442   -2.770906 
     66          6           0        5.564802   -2.110630   -1.757990 
     67          1           0      -10.122786   -2.251574    2.184948 
     68          1           0       -8.950101   -3.851617    3.737683 
     69          1           0       -6.478383   -3.857632    3.845508 
     70          1           0       -5.132532   -2.385946    2.392534 
     71          1           0       -2.359047    4.260506   -1.905105 
     72          1           0       -3.547233    6.135151   -2.989742 
     73          1           0       -6.022366    6.199833   -3.056951 
     74          1           0       -7.352880    4.338330   -2.079861 
     75          1           0       -5.265624   -3.285677    0.063760 
     76          1           0       -4.176787   -5.487787    0.382286 
     77          1           0       -1.712806   -5.611893    0.707550 
     78          1           0       -0.329324   -3.605038    0.527729 
     79          1           0        2.402298    4.395750    0.789407 
     80          1           0        1.148709    6.403062    1.451752 
  419 
 
     81          1           0       -1.332109    6.426236    1.378675 
     82          1           0       -2.576172    4.423496    0.622337 
     83          1           0        4.651562   -3.121182    0.274867 
     84          1           0        5.529002   -4.728371    1.894711 
     85          1           0        6.321047   -3.938048    4.131882 
     86          1           0        6.158814   -1.579564    4.719241 
     87          1           0        2.522583    3.432604   -1.984951 
     88          1           0        3.320341    5.613844   -2.798911 
     89          1           0        5.424815    6.596236   -1.896660 
     90          1           0        6.732140    5.330979   -0.195883 
     91          1           0        5.939274    3.146781    0.605755 
     92          1           0        2.518905   -1.444263   -3.077767 
     93          1           0        3.390679   -2.901389   -4.853545 
     94          1           0        5.677706   -3.873093   -4.670013 
     95          1           0        7.086268   -3.304523   -2.693882 
     96          1           0        6.206651   -1.850062   -0.923135 
     97          6           0        1.178288   -2.407771   -0.954488 
     98          6           0        1.932554   -3.327300   -0.215280 
     99          6           0        0.467097   -2.875145   -2.070398 
    100          6           0        1.995979   -4.671784   -0.580623 
    101          1           0        2.453039   -2.995887    0.675733 
    102          6           0        0.523580   -4.212961   -2.453151 
    103          1           0       -0.134434   -2.182302   -2.651437 
    104          6           0        1.293316   -5.102669   -1.704280 
    105          1           0        2.578528   -5.376921    0.002926 
    106          1           0       -0.026261   -4.564488   -3.319601 
    107         17           0        1.367939   -6.794417   -2.176831 
    108          1           0       -8.279448    2.021639   -0.911772 
    109          6           0        4.253541    0.803913   -1.361702 
    110          8           0        4.846436    1.072972   -2.363409 
    111          6           0        5.107825    0.455171    3.227779 
    112          6           0        5.377238    0.911250    4.540349 
    113          6           0        4.587620    1.393409    2.284069 
    114          6           0        5.119188    2.212403    4.926310 
    115          1           0        5.775624    0.226676    5.279575 
    116          6           0        4.301523    2.711782    2.716292 
    117          6           0        4.559621    3.118085    4.009767 
    118          1           0        5.331714    2.526064    5.944550 
    119          1           0        3.860942    3.410408    2.019227 




  420 
 
Zero-point correction=                           0.917716 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.827487 
Sum of electronic and thermal Free Energies=        -3605.640491 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -3607.00581805 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number    Number      Type            X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -5.014190    0.195510    0.419211 
      2          6           0       -4.895314    1.597163    0.126490 
      3          6           0       -6.017129    2.478693   -0.015360 
      4          6           0       -7.288652    1.998678    0.186296 
      5          6           0       -7.425750    0.604383    0.358557 
      6          6           0       -6.365700   -0.305777    0.382805 
      7          6           0       -6.946004   -1.674587    0.209807 
      8          6           0       -8.354142   -1.576529    0.279120 
      9          6           0       -8.724359   -0.136603    0.394821 
     10          6           0       -9.187006   -2.667741    0.105290 
     11          6           0       -8.603959   -3.911594   -0.177986 
     12          6           0       -7.219781   -4.011657   -0.313988 
     13          6           0       -6.379478   -2.899622   -0.132181 
     14          8           0       -9.840873    0.347786    0.464625 
     15          6           0       -3.786697   -0.467799    0.642907 
     16          6           0       -2.565471    0.216309    0.372913 
     17          6           0       -2.459580    1.628363    0.112710 
     18          6           0       -3.691027    2.309963   -0.075421 
     19          6           0       -1.461509   -0.692559    0.453597 
     20          6           0       -0.188249   -0.231362    0.032007 
     21          6           0       -0.071061    1.192958    0.007149 
     22          6           0       -1.122177    2.114641    0.158366 
     23          6           0        1.000131   -0.997833   -0.331662 
     24          6           0        2.175557   -0.306970   -0.593924 
     25          6           0        2.296435    1.141405   -0.411336 
     26          6           0        1.192493    1.885022   -0.073779 
     27          6           0        3.589576   -0.818999   -1.031066 
     28          6           0        4.467006   -0.585114    0.230545 
     29          6           0        4.524624    0.776980    0.471171 
     30          6           0        3.767709    1.525702   -0.651714 
     31          6           0        5.721250    0.407260    2.591430 
     32          6           0        5.072668    1.307858    1.690929 
     33          6           0       -5.491162    3.779457   -0.429067 
     34          6           0       -4.073795    3.665140   -0.529641 
     35          6           0       -3.351208    4.704355   -1.118566 
     36          6           0       -4.020473    5.871441   -1.507214 
     37          6           0       -5.400392    6.003882   -1.333149 
     38          6           0       -6.148443    4.945846   -0.805217 
     39          6           0       -3.409783   -1.768003    1.211919 
     40          6           0       -1.997463   -1.926293    1.072183 
     41          6           0       -4.145200   -2.658849    1.992395 
     42          6           0       -3.503518   -3.754897    2.579231 
     43          6           0       -2.130345   -3.931034    2.418362 
     44          6           0       -1.371547   -3.011330    1.684263 
     45          6           0       -0.505788    3.419455    0.431865 
  421 
 
     46          6           0        0.906706    3.294303    0.269817 
     47          6           0        1.733330    4.374940    0.572007 
     48          6           0        1.171384    5.564038    1.050321 
     49          6           0       -0.204629    5.666715    1.256170 
     50          6           0       -1.048606    4.592981    0.957545 
     51          6           0        3.801838   -1.969494   -1.996449 
     52          6           0        4.190631    2.881891   -1.174908 
     53          6           0        6.273527    0.938786    3.781405 
     54          6           0        6.168704    2.279443    4.097778 
     55          6           0        5.485267    3.152088    3.234810 
     56          6           0        4.950893    2.670855    2.056936 
     57          6           0        5.498354    3.354104   -0.992385 
     58          6           0        5.932858    4.521842   -1.620490 
     59          6           0        5.076563    5.227156   -2.465705 
     60          6           0        3.786843    4.743998   -2.689270 
     61          6           0        3.353494    3.578776   -2.059126 
     62          6           0        2.820343   -2.303990   -2.938106 
     63          6           0        3.074314   -3.235120   -3.944326 
     64          6           0        4.330594   -3.830955   -4.051923 
     65          6           0        5.336629   -3.462669   -3.159027 
     66          6           0        5.078186   -2.531216   -2.153768 
     67          1           0      -10.264576   -2.542106    0.163296 
     68          1           0       -9.229153   -4.788339   -0.320527 
     69          1           0       -6.773981   -4.968067   -0.574043 
     70          1           0       -5.311504   -3.009592   -0.269778 
     71          1           0       -2.285203    4.617938   -1.288048 
     72          1           0       -3.454015    6.682002   -1.957623 
     73          1           0       -5.899812    6.919759   -1.636723 
     74          1           0       -7.229047    5.025824   -0.718635 
     75          1           0       -5.200785   -2.495223    2.172312 
     76          1           0       -4.077222   -4.452858    3.182587 
     77          1           0       -1.630868   -4.771845    2.891707 
     78          1           0       -0.299893   -3.138484    1.630941 
     79          1           0        2.804926    4.308278    0.447044 
     80          1           0        1.820531    6.402885    1.285531 
     81          1           0       -0.626507    6.580508    1.665616 
     82          1           0       -2.110511    4.669602    1.156435 
     83          1           0        6.776612    0.284542    4.483406 
     84          1           0        6.598776    2.651194    5.023617 
     85          1           0        5.370992    4.201007    3.493107 
     86          1           0        4.419029    3.346248    1.402180 
     87          1           0        6.188428    2.806388   -0.359828 
     88          1           0        6.948171    4.871632   -1.453883 
     89          1           0        5.414884    6.135923   -2.956032 
     90          1           0        3.114493    5.269818   -3.361680 
     91          1           0        2.353269    3.208330   -2.257131 
     92          1           0        1.850237   -1.824202   -2.895714 
     93          1           0        2.287921   -3.485446   -4.651244 
     94          1           0        4.529028   -4.558206   -4.834448 
     95          1           0        6.332028   -3.889460   -3.248689 
     96          1           0        5.884543   -2.232601   -1.492062 
     97          6           0        0.889819   -2.474226   -0.489867 
     98          6           0        1.719195   -3.346935    0.226180 
  422 
 
     99          6           0       -0.064891   -3.028333   -1.357403 
    100          6           0        1.618808   -4.729497    0.076015 
    101          1           0        2.433534   -2.942386    0.933762 
    102          6           0       -0.174964   -4.406433   -1.524441 
    103          1           0       -0.725023   -2.372332   -1.916829 
    104          6           0        0.672490   -5.248679   -0.805263 
    105          1           0        2.262478   -5.395122    0.641442 
    106          1           0       -0.910804   -4.824806   -2.202833 
    107         17           0        0.537594   -6.989947   -1.005696 
    108          1           0       -8.179525    2.618852    0.139282 
    109          6           0        5.745799   -1.019917    2.297370 
    110          6           0        6.391692   -1.942320    3.154651 
    111          6           0        5.063963   -1.529223    1.144936 
    112          6           0        6.350657   -3.304260    2.928793 
    113          1           0        6.937799   -1.582136    4.018316 
    114          6           0        5.020277   -2.934173    0.953143 
    115          6           0        5.645913   -3.805787    1.823131 
    116          1           0        6.859209   -3.981649    3.609092 
    117          1           0        4.501105   -3.333975    0.094383 
    118          1           0        5.599799   -4.876060    1.641510 
    119          6           0        4.038791    0.476616   -1.766332 





Zero-point correction=                           0.917576 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.826715 
Sum of electronic and thermal Free Energies=        -3605.635070 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -3606.99749159 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number    Number      Type            X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        4.918286    0.407813   -0.333788 
      2          6           0        4.660961    1.772565    0.038704 
      3          6           0        5.689502    2.700392    0.409556 
      4          6           0        7.007443    2.316903    0.348528 
      5          6           0        7.264253    0.952102    0.097274 
      6          6           0        6.282621   -0.014839   -0.133120 
      7          6           0        6.926570   -1.354972    0.038125 
      8          6           0        8.322143   -1.169372    0.163907 
  423 
 
      9          6           0        8.604704    0.294650    0.189860 
     10          6           0        9.196424   -2.218455    0.386930 
     11          6           0        8.665725   -3.509873    0.522057 
     12          6           0        7.285246   -3.699257    0.470506 
     13          6           0        6.403230   -2.629385    0.239474 
     14          8           0        9.684194    0.849452    0.303292 
     15          6           0        3.783868   -0.305743   -0.779772 
     16          6           0        2.498193    0.302004   -0.670200 
     17          6           0        2.251009    1.679867   -0.328005 
     18          6           0        3.392992    2.397673    0.122546 
     19          6           0        1.482406   -0.655435   -0.968440 
     20          6           0        0.133092   -0.290484   -0.800752 
     21          6           0       -0.089369    1.115522   -0.729223 
     22          6           0        0.906069    2.097841   -0.568020 
     23          6           0       -1.027848   -1.167631   -0.690152 
     24          6           0       -2.274772   -0.587619   -0.842801 
     25          6           0       -2.473585    0.865935   -0.939895 
     26          6           0       -1.397613    1.715984   -0.825364 
     27          6           0       -3.688439   -1.217033   -0.706041 
     28          6           0       -4.176332   -0.674744    0.658117 
     29          6           0       -4.367475    0.692086    0.550762 
     30          6           0       -3.995784    1.133071   -0.890540 
     31          6           0       -4.947044    0.832626    2.939539 
     32          6           0       -4.688092    1.497403    1.698380 
     33          6           0        5.024403    3.919918    0.866464 
     34          6           0        3.618003    3.712521    0.764945 
     35          6           0        2.756407    4.622912    1.379909 
     36          6           0        3.285497    5.771866    1.980856 
     37          6           0        4.661971    6.010077    1.994672 
     38          6           0        5.544039    5.069768    1.451052 
     39          6           0        3.571310   -1.601962   -1.445423 
     40          6           0        2.165699   -1.837188   -1.517481 
     41          6           0        4.450650   -2.434209   -2.136498 
     42          6           0        3.950180   -3.543739   -2.828841 
     43          6           0        2.579129   -3.794814   -2.866388 
     44          6           0        1.680065   -2.929442   -2.231257 
     45          6           0        0.236393    3.397313   -0.729369 
     46          6           0       -1.173864    3.178595   -0.802980 
     47          6           0       -2.032965    4.271672   -0.901748 
     48          6           0       -1.502629    5.562160   -1.018103 
     49          6           0       -0.123352    5.760062   -1.065949 
     50          6           0        0.752165    4.678867   -0.923669 
     51          6           0       -4.043032   -2.581669   -1.262667 
     52          6           0       -4.643440    2.284747   -1.626140 
     53          6           0       -5.339397    1.622362    4.046335 
     54          6           0       -5.420717    2.999373    3.966658 
     55          6           0       -5.090832    3.653241    2.767765 
     56          6           0       -4.733869    2.912831    1.658677 
     57          6           0       -5.929960    2.728439   -1.289585 
     58          6           0       -6.592723    3.666020   -2.082463 
     59          6           0       -5.992976    4.157603   -3.242036 
     60          6           0       -4.729581    3.692364   -3.609212 
     61          6           0       -4.067559    2.757954   -2.814351 
  424 
 
     62          6           0       -3.528103   -2.941666   -2.519338 
     63          6           0       -3.956231   -4.094071   -3.173725 
     64          6           0       -4.933620   -4.906643   -2.594513 
     65          6           0       -5.491735   -4.533412   -1.373707 
     66          6           0       -5.063987   -3.373124   -0.723397 
     67          1           0       10.261549   -2.026205    0.481135 
     68          1           0        9.324356   -4.355478    0.698267 
     69          1           0        6.873936   -4.693959    0.620312 
     70          1           0        5.335922   -2.809356    0.233567 
     71          1           0        1.688418    4.447994    1.411106 
     72          1           0        2.610707    6.482574    2.450221 
     73          1           0        5.052110    6.910753    2.460494 
     74          1           0        6.618413    5.221646    1.516036 
     75          1           0        5.511738   -2.218790   -2.166831 
     76          1           0        4.637201   -4.195722   -3.361108 
     77          1           0        2.198527   -4.646622   -3.423299 
     78          1           0        0.615998   -3.093327   -2.335240 
     79          1           0       -3.104724    4.138782   -0.925152 
     80          1           0       -2.177956    6.408914   -1.103798 
     81          1           0        0.279446    6.758489   -1.212822 
     82          1           0        1.821172    4.841563   -0.974859 
     83          1           0       -5.569307    1.147442    4.992943 
     84          1           0       -5.720200    3.574234    4.838605 
     85          1           0       -5.115743    4.737768    2.710065 
     86          1           0       -4.480581    3.423534    0.739911 
     87          1           0       -6.422965    2.336613   -0.406109 
     88          1           0       -7.585449    4.002218   -1.795421 
     89          1           0       -6.510090    4.886345   -3.860295 
     90          1           0       -4.256914    4.051717   -4.519218 
     91          1           0       -3.088774    2.397148   -3.115371 
     92          1           0       -2.785387   -2.304565   -2.992562 
     93          1           0       -3.536247   -4.349042   -4.143202 
     94          1           0       -5.270325   -5.807005   -3.101033 
     95          1           0       -6.275099   -5.137267   -0.923546 
     96          1           0       -5.542040   -3.085830    0.205646 
     97          6           0       -0.801714   -2.515135   -0.058513 
     98          6           0       -0.236783   -2.499203    1.231500 
     99          6           0       -1.107459   -3.764465   -0.614005 
    100          6           0       -0.004231   -3.671401    1.946017 
    101          1           0        0.013865   -1.548042    1.690502 
    102          6           0       -0.879955   -4.949931    0.086768 
    103          1           0       -1.524244   -3.832361   -1.608889 
    104          6           0       -0.332751   -4.894828    1.365306 
    105          1           0        0.421798   -3.634404    2.942927 
    106          1           0       -1.122742   -5.906376   -0.363733 
    107         17           0       -0.049736   -6.385162    2.256497 
    108          1           0        7.837690    2.983127    0.565842 
    109          6           0       -4.451265   -0.176438   -1.575363 
    110          8           0       -5.182308   -0.341115   -2.506459 
    111          6           0       -4.719667   -0.602953    3.057588 
    112          6           0       -4.859236   -1.286560    4.289106 
    113          6           0       -4.255338   -1.346709    1.927036 
    114          6           0       -4.506161   -2.615231    4.427621 
  425 
 
    115          1           0       -5.231251   -0.759899    5.160092 
    116          6           0       -3.850613   -2.692863    2.109742 
    117          6           0       -3.971577   -3.318290    3.334539 
    118          1           0       -4.620038   -3.106396    5.390081 
    119          1           0       -3.425719   -3.236176    1.275863 




Zero-point correction=                           0.906440 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.817421 
Sum of electronic and thermal Free Energies=        -3492.340244 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -3493.68486378 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number    Number      Type            X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -5.048154    0.020552   -0.025014 
      2          6           0       -4.918194   -1.149077    0.798889 
      3          6           0       -6.022837   -1.792643    1.450161 
      4          6           0       -7.300279   -1.343215    1.219336 
      5          6           0       -7.455123   -0.321120    0.254896 
      6          6           0       -6.404826    0.315967   -0.410584 
      7          6           0       -6.991115    1.100476   -1.538764 
      8          6           0       -8.398786    1.061348   -1.428480 
      9          6           0       -8.759500    0.179841   -0.278855 
     10          6           0       -9.233269    1.655063   -2.358893 
     11          6           0       -8.649718    2.295046   -3.462735 
     12          6           0       -7.263413    2.288780   -3.615847 
     13          6           0       -6.421215    1.686490   -2.665313 
     14          8           0       -9.873700   -0.104516    0.126211 
     15          6           0       -3.829702    0.699011   -0.259769 
     16          6           0       -2.600090    0.033781    0.023805 
     17          6           0       -2.508229   -1.303424    0.558036 
     18          6           0       -3.713160   -1.800995    1.123753 
     19          6           0       -1.483931    0.871788   -0.282538 
     20          6           0       -0.176388    0.365755   -0.031206 
     21          6           0       -0.124424   -1.057414    0.164413 
     22          6           0       -1.227836   -1.895163    0.426146 
     23          6           0        1.092732    1.039245    0.100136 
     24          6           0        2.271705    0.268347    0.166762 
     25          6           0        2.268834   -1.142255   -0.225881 
  426 
 
     26          6           0        1.067600   -1.826737   -0.003825 
     27          6           0        3.544879    0.749143    0.712781 
     28          6           0        4.707778    0.098082    0.345876 
     29          6           0        4.637132   -0.878558   -0.742134 
     30          6           0        3.476870   -1.627827   -0.873704 
     31          6           0        6.034501    0.206555    0.999959 
     32          6           0        7.197951   -0.106796    0.250408 
     33          6           0        7.061462   -0.460055   -1.171264 
     34          6           0        5.804449   -0.910868   -1.647530 
     35          6           0       -5.457797   -2.844240    2.299784 
     36          6           0       -4.043233   -2.842756    2.117858 
     37          6           0       -3.249344   -3.661844    2.921686 
     38          6           0       -3.864457   -4.513424    3.848021 
     39          6           0       -5.254388   -4.544177    3.986642 
     40          6           0       -6.060874   -3.696918    3.217357 
     41          6           0       -3.477995    2.047973   -0.716627 
     42          6           0       -2.054170    2.134323   -0.807074 
     43          6           0       -4.268178    3.164652   -0.982969 
     44          6           0       -3.669882    4.331401   -1.472575 
     45          6           0       -2.295416    4.369677   -1.699155 
     46          6           0       -1.483043    3.280117   -1.359160 
     47          6           0       -0.735719   -3.277055    0.387965 
     48          6           0        0.671018   -3.241585    0.141269 
     49          6           0        1.395751   -4.432050    0.128421 
     50          6           0        0.721987   -5.651107    0.266640 
     51          6           0       -0.666044   -5.686915    0.406717 
     52          6           0       -1.402579   -4.499353    0.470187 
     53          6           0        3.530604    1.796712    1.779596 
     54          6           0        3.424628   -2.831704   -1.750137 
     55          6           0        6.180500    0.477299    2.374798 
     56          6           0        7.429339    0.484965    2.984447 
     57          6           0        8.575228    0.208346    2.235311 
     58          6           0        8.451369   -0.094816    0.885466 
     59          6           0        8.139563   -0.361844   -2.067214 
     60          6           0        7.997564   -0.696872   -3.407913 
     61          6           0        6.754927   -1.123859   -3.884895 
     62          6           0        5.675787   -1.221337   -3.016266 
     63          6           0        4.399128   -3.838222   -1.627850 
     64          6           0        4.373722   -4.961976   -2.451059 
     65          6           0        3.374818   -5.101503   -3.417733 
     66          6           0        2.400960   -4.110312   -3.549815 
     67          6           0        2.423023   -2.987976   -2.721974 
     68          6           0        4.290638    2.970719    1.673333 
     69          6           0        4.313534    3.901296    2.710675 
     70          6           0        3.584118    3.670966    3.879306 
     71          6           0        2.823430    2.506202    3.998253 
     72          6           0        2.792087    1.580808    2.955168 
     73          1           0      -10.311291    1.597462   -2.236926 
     74          1           0       -9.276439    2.770926   -4.211544 
     75          1           0       -6.818560    2.752283   -4.492393 
     76          1           0       -5.349742    1.679255   -2.824103 
     77          1           0       -2.168408   -3.639010    2.845882 
     78          1           0       -3.246707   -5.153226    4.472384 
  427 
 
     79          1           0       -5.711898   -5.214864    4.708670 
     80          1           0       -7.139733   -3.695338    3.350764 
     81          1           0       -5.338129    3.138523   -0.817632 
     82          1           0       -4.284615    5.201232   -1.686894 
     83          1           0       -1.836802    5.261404   -2.117344 
     84          1           0       -0.417780    3.348737   -1.524675 
     85          1           0        2.469054   -4.429857   -0.006020 
     86          1           0        1.289425   -6.577457    0.242745 
     87          1           0       -1.181875   -6.640851    0.475174 
     88          1           0       -2.479339   -4.536831    0.583210 
     89          1           0        5.303808    0.657744    2.981206 
     90          1           0        7.504218    0.688218    4.049128 
     91          1           0        9.554575    0.202790    2.705964 
     92          1           0        9.338481   -0.363613    0.321303 
     93          1           0        9.094621    0.014278   -1.715330 
     94          1           0        8.844229   -0.604523   -4.082696 
     95          1           0        6.621765   -1.360986   -4.936766 
     96          1           0        4.711044   -1.518037   -3.407114 
     97          1           0        5.176642   -3.733330   -0.876930 
     98          1           0        5.133515   -5.730626   -2.336525 
     99          1           0        3.353850   -5.977617   -4.060205 
    100          1           0        1.619138   -4.210328   -4.297915 
    101          1           0        1.661959   -2.221511   -2.832362 
    102          1           0        4.865440    3.150486    0.769979 
    103          1           0        4.902478    4.808555    2.606156 
    104          1           0        3.606715    4.395042    4.689261 
    105          1           0        2.254081    2.315939    4.904464 
    106          1           0        2.203110    0.672966    3.053694 
    107          6           0        1.181561    2.521269    0.176543 
    108          6           0        1.983989    3.219446   -0.741140 
    109          6           0        0.462890    3.260349    1.127882 
    110          6           0        2.063298    4.610763   -0.721713 
    111          1           0        2.541938    2.664241   -1.489288 
    112          6           0        0.543683    4.649597    1.171507 
    113          1           0       -0.161236    2.741401    1.848146 
    114          6           0        1.341582    5.314819    0.241053 
    115          1           0        2.676666    5.142515   -1.441542 
    116          1           0       -0.008740    5.212916    1.915745 
    117         17           0        1.438625    7.070930    0.281907 




  428 
 
 
Zero-point correction=                           0.906522 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.817867 
Sum of electronic and thermal Free Energies=        -3492.339623 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -3493.68475591 
--------------------------------------------------------------------- 
 Center        Atomic      Atomic           Coordinates (Angstroms) 
 Number       Number      Type         X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -5.042808    0.118327   -0.094384 
      2          6           0       -4.927263    1.539767    0.066999 
      3          6           0       -6.058866    2.421703    0.110901 
      4          6           0       -7.329159    1.898643    0.124383 
      5          6           0       -7.446489    0.489608    0.156966 
      6          6           0       -6.371686   -0.399006    0.090978 
      7          6           0       -6.888200   -1.770793    0.373004 
      8          6           0       -8.295278   -1.705581    0.475005 
      9          6           0       -8.717427   -0.280456    0.324912 
     10          6           0       -9.068587   -2.812734    0.775842 
     11          6           0       -8.418948   -4.035077    1.005500 
     12          6           0       -7.026765   -4.103256    0.953073 
     13          6           0       -6.246635   -2.975565    0.644509 
     14          8           0       -9.849557    0.170962    0.356283 
     15          6           0       -3.840908   -0.514574   -0.475019 
     16          6           0       -2.606067    0.171832   -0.282289 
     17          6           0       -2.498770    1.545069    0.154880 
     18          6           0       -3.726677    2.273862    0.115972 
     19          6           0       -1.509022   -0.683151   -0.619471 
     20          6           0       -0.193532   -0.263818   -0.271905 
     21          6           0       -0.104186    1.087403    0.211926 
     22          6           0       -1.187087    1.962226    0.478435 
     23          6           0        1.035756   -1.021851   -0.199353 
     24          6           0        2.241860   -0.363352    0.120385 
     25          6           0        2.321904    1.094655    0.119829 
     26          6           0        1.131664    1.766023    0.417501 
     27          6           0        3.461387   -1.036473    0.584070 
     28          6           0        4.670234   -0.374477    0.465480 
     29          6           0        4.708897    0.871534   -0.301826 
     30          6           0        3.586051    1.686567   -0.274221 
     31          6           0        5.951394   -0.735154    1.124086 
     32          6           0        7.170087   -0.291354    0.547544 
     33          6           0        7.136296    0.462112   -0.715328 
     34          6           0        5.931693    1.105201   -1.095677 
     35          6           0       -5.528410    3.785692    0.070127 
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     36          6           0       -4.104214    3.702434    0.032001 
     37          6           0       -3.365165    4.863187   -0.203179 
     38          6           0       -4.030202    6.090895   -0.313910 
     39          6           0       -5.420681    6.170589   -0.208936 
     40          6           0       -6.181072    5.009027   -0.031040 
     41          6           0       -3.529597   -1.750726   -1.195573 
     42          6           0       -2.109632   -1.849151   -1.314756 
     43          6           0       -4.366716   -2.618412   -1.895712 
     44          6           0       -3.806108   -3.613054   -2.703584 
     45          6           0       -2.422210   -3.702039   -2.840945 
     46          6           0       -1.573495   -2.815127   -2.166159 
     47          6           0       -0.613069    3.155587    1.115514 
     48          6           0        0.807940    3.070896    1.015630 
     49          6           0        1.609551    4.028526    1.635259 
     50          6           0        1.007240    5.062891    2.358963 
     51          6           0       -0.380886    5.117907    2.499783 
     52          6           0       -1.196385    4.156780    1.893475 
     53          6           0        3.344107   -2.323335    1.337426 
     54          6           0        3.630972    3.102568   -0.737811 
     55          6           0        6.006068   -1.384112    2.373623 
     56          6           0        7.215198   -1.631938    3.012352 
     57          6           0        8.414197   -1.225614    2.422980 
     58          6           0        8.382389   -0.552221    1.208757 
     59          6           0        8.263312    0.567914   -1.548020 
     60          6           0        8.220249    1.291964   -2.732770 
     61          6           0        7.030170    1.916429   -3.117674 
     62          6           0        5.903397    1.816290   -2.312375 
     63          6           0        4.619950    3.974503   -0.249291 
     64          6           0        4.682258    5.298404   -0.678940 
     65          6           0        3.759660    5.778088   -1.611604 
     66          6           0        2.773412    4.923261   -2.106543 
     67          6           0        2.706488    3.599980   -1.671063 
     68          6           0        2.576126   -2.367785    2.513149 
     69          6           0        2.517755   -3.528608    3.284238 
     70          6           0        3.215682   -4.670345    2.885539 
     71          6           0        3.972524   -4.641020    1.712124 
     72          6           0        4.040124   -3.476727    0.948578 
     73          1           0      -10.148552   -2.718564    0.847650 
     74          1           0       -8.997018   -4.923300    1.243941 
     75          1           0       -6.528130   -5.046447    1.160051 
     76          1           0       -5.166405   -3.056565    0.625505 
     77          1           0       -2.288709    4.826061   -0.314636 
     78          1           0       -3.450799    6.992636   -0.492804 
     79          1           0       -5.916923    7.133587   -0.291608 
     80          1           0       -7.266282    5.062557    0.003569 
     81          1           0       -5.443369   -2.505858   -1.848853 
     82          1           0       -4.455026   -4.291459   -3.250440 
     83          1           0       -1.988043   -4.453178   -3.495010 
     84          1           0       -0.509548   -2.876921   -2.341781 
     85          1           0        2.689342    3.967992    1.581570 
     86          1           0        1.631070    5.810957    2.840633 
     87          1           0       -0.834955    5.901324    3.100482 
     88          1           0       -2.267854    4.183227    2.050127 
     89          1           0        5.089847   -1.674193    2.867869 
     90          1           0        7.217591   -2.125511    3.980273 
     91          1           0        9.363504   -1.407249    2.919484 
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     92          1           0        9.311287   -0.186863    0.783212 
     93          1           0        9.177793    0.049360   -1.279049 
     94          1           0        9.102782    1.352724   -3.363758 
     95          1           0        6.974671    2.463354   -4.054786 
     96          1           0        4.979340    2.274114   -2.641223 
     97          1           0        5.339571    3.604751    0.475412 
     98          1           0        5.451237    5.956869   -0.283628 
     99          1           0        3.807765    6.810329   -1.947649 
    100          1           0        2.051907    5.286245   -2.833672 
    101          1           0        1.937243    2.942059   -2.063775 
    102          1           0        2.037107   -1.478797    2.829564 
    103          1           0        1.928355   -3.539892    4.197569 
    104          1           0        3.168765   -5.576906    3.482899 
    105          1           0        4.513349   -5.527050    1.390636 
    106          1           0        4.637590   -3.455759    0.042331 
    107          6           0        1.065820   -2.484344   -0.474523 
    108          6           0        0.321422   -3.404889    0.276500 
    109          6           0        1.852010   -2.969389   -1.532658 
    110          6           0        0.361303   -4.766932   -0.009778 
    111          1           0       -0.287087   -3.053555    1.103402 
    112          6           0        1.889493   -4.327714   -1.844186 
    113          1           0        2.431980   -2.269988   -2.127653 
    114          6           0        1.142192   -5.217075   -1.073804 
    115          1           0       -0.209819   -5.473676    0.582458 
    116          1           0        2.491007   -4.692170   -2.670358 
    117         17           0        1.186681   -6.935704   -1.448065 





Zero-point correction=                           0.906539 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.817806 
Sum of electronic and thermal Free Energies=        -3492.323772 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -3493.67071520 
--------------------------------------------------------------------- 
 Center        Atomic      Atomic           Coordinates (Angstroms) 
 Number       Number      Type         X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -5.082874    0.093378   -0.142181 
      2          6           0       -4.975969   -1.293110   -0.501977 
      3          6           0       -6.104762   -2.134696   -0.780729 
      4          6           0       -7.365740   -1.593471   -0.803277 
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      5          6           0       -7.496197   -0.272176   -0.321339 
      6          6           0       -6.438087    0.524857    0.121734 
      7          6           0       -7.032699    1.614677    0.961444 
      8          6           0       -8.437244    1.588544    0.805319 
      9          6           0       -8.796389    0.407852   -0.030130 
     10          6           0       -9.281626    2.438125    1.498431 
     11          6           0       -8.716533    3.334859    2.416967 
     12          6           0       -7.340490    3.316890    2.641598 
     13          6           0       -6.488871    2.454596    1.929672 
     14          8           0       -9.906465    0.035900   -0.370113 
     15          6           0       -3.850337    0.776966   -0.053280 
     16          6           0       -2.619076    0.058420   -0.176858 
     17          6           0       -2.536753   -1.343236   -0.527494 
     18          6           0       -3.781244   -2.038825   -0.589599 
     19          6           0       -1.504254    0.928911    0.073901 
     20          6           0       -0.182009    0.415983   -0.092938 
     21          6           0       -0.127768   -0.979496   -0.439140 
     22          6           0       -1.223431   -1.815192   -0.769277 
     23          6           0        1.107884    1.082093   -0.103973 
     24          6           0        2.292016    0.318940   -0.182091 
     25          6           0        2.260301   -1.132361   -0.041229 
     26          6           0        1.075144   -1.742916   -0.452807 
     27          6           0        3.621162    0.852687   -0.518925 
     28          6           0        4.739423    0.131804   -0.140550 
     29          6           0        4.561845   -1.032882    0.730049 
     30          6           0        3.398999   -1.774483    0.583354 
     31          6           0        6.135762    0.342870   -0.604103 
     32          6           0        7.206014   -0.100219    0.216605 
     33          6           0        6.909102   -0.721187    1.516749 
     34          6           0        5.617772   -1.263203    1.734522 
     35          6           0       -5.600161   -3.500070   -0.903622 
     36          6           0       -4.190526   -3.461157   -0.692428 
     37          6           0       -3.518016   -4.662024   -0.457053 
     38          6           0       -4.211953   -5.874050   -0.563287 
     39          6           0       -5.573017   -5.902345   -0.875244 
     40          6           0       -6.282245   -4.705813   -1.025550 
     41          6           0       -3.497516    2.178123    0.164688 
     42          6           0       -2.092028    2.252530    0.404440 
     43          6           0       -4.268573    3.338092    0.113439 
     44          6           0       -3.702459    4.557342    0.499031 
     45          6           0       -2.385586    4.594040    0.952264 
     46          6           0       -1.576326    3.451606    0.898815 
     47          6           0       -0.645254   -3.051420   -1.323962 
     48          6           0        0.751075   -3.051793   -1.034476 
     49          6           0        1.572553   -4.066295   -1.523163 
     50          6           0        1.017347   -5.066486   -2.327978 
     51          6           0       -0.332945   -5.023971   -2.680243 
     52          6           0       -1.165717   -4.009464   -2.195013 
     53          6           0        3.732141    2.037844   -1.425331 
     54          6           0        3.261335   -3.149239    1.142834 
     55          6           0        6.446446    0.845292   -1.883377 
     56          6           0        7.760541    0.958985   -2.321658 
     57          6           0        8.811638    0.560959   -1.493209 
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     58          6           0        8.527830    0.025519   -0.243691 
     59          6           0        7.869846   -0.805283    2.538588 
     60          6           0        7.581278   -1.416174    3.752483 
     61          6           0        6.306490   -1.945766    3.973405 
     62          6           0        5.339835   -1.861670    2.980060 
     63          6           0        4.244252   -4.118786    0.877306 
     64          6           0        4.138337   -5.406635    1.398698 
     65          6           0        3.048987   -5.751450    2.202000 
     66          6           0        2.065840   -4.798823    2.474812 
     67          6           0        2.168017   -3.511882    1.947252 
     68          6           0        3.181467    1.968879   -2.716275 
     69          6           0        3.354112    3.014583   -3.623034 
     70          6           0        4.069296    4.154315   -3.249691 
     71          6           0        4.611010    4.238174   -1.965095 
     72          6           0        4.448632    3.187235   -1.063581 
     73          1           0      -10.355733    2.376455    1.347314 
     74          1           0       -9.350843    4.015290    2.977848 
     75          1           0       -6.909868    3.976883    3.389985 
     76          1           0       -5.429538    2.448629    2.150676 
     77          1           0       -2.472141   -4.671482   -0.180627 
     78          1           0       -3.678694   -6.805023   -0.390747 
     79          1           0       -6.091391   -6.853319   -0.961247 
     80          1           0       -7.355612   -4.719701   -1.196682 
     81          1           0       -5.302302    3.300106   -0.206079 
     82          1           0       -4.301480    5.463353    0.473094 
     83          1           0       -1.959176    5.523928    1.318114 
     84          1           0       -0.558236    3.524210    1.245055 
     85          1           0        2.634921   -4.070359   -1.311020 
     86          1           0        1.653700   -5.858994   -2.712334 
     87          1           0       -0.742491   -5.773496   -3.351974 
     88          1           0       -2.198429   -3.963779   -2.516685 
     89          1           0        5.650259    1.125015   -2.558208 
     90          1           0        7.960318    1.341666   -3.318714 
     91          1           0        9.841641    0.639414   -1.830288 
     92          1           0        9.343711   -0.339307    0.371629 
     93          1           0        8.847985   -0.359285    2.391254 
     94          1           0        8.338845   -1.462196    4.530080 
     95          1           0        6.059385   -2.403829    4.927085 
     96          1           0        4.345740   -2.240632    3.179678 
     97          1           0        5.093517   -3.853527    0.254238 
     98          1           0        4.906604   -6.142319    1.175813 
     99          1           0        2.965944   -6.755319    2.609594 
    100          1           0        1.215442   -5.056578    3.100463 
    101          1           0        1.400408   -2.776699    2.168787 
    102          1           0        2.630826    1.079844   -3.012124 
    103          1           0        2.931257    2.937631   -4.621511 
    104          1           0        4.202827    4.971642   -3.953285 
    105          1           0        5.163742    5.124094   -1.664248 
    106          1           0        4.881813    3.252342   -0.070276 
    107          6           0        1.241517    2.563525   -0.024087 
    108          6           0        1.868886    3.140061    1.091002 
    109          6           0        0.771804    3.410415   -1.037562 
    110          6           0        2.014869    4.522532    1.204288 
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    111          1           0        2.236487    2.497674    1.885830 
    112          6           0        0.928395    4.791289   -0.950852 
    113          1           0        0.286784    2.983945   -1.909455 
    114          6           0        1.544813    5.336539    0.175116 
    115          1           0        2.490567    4.961989    2.074769 
    116          1           0        0.571570    5.439656   -1.743653 
    117         17           0        1.734440    7.082093    0.298126 





Zero-point correction=                           0.906469 (Hartree/Particle) 
Thermal correction to Gibbs Free Energy=           0.817405 
Sum of electronic and thermal Free Energies=        -3492.337656 
E[SMD(chloroform)/B3LYP-D3BJ/6-31G**//B3LYP/6-31G*]=  -3493.68154442 
--------------------------------------------------------------------- 
 Center        Atomic      Atomic           Coordinates (Angstroms) 
 Number       Number      Type         X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        5.011439    0.269724   -0.276037 
      2          6           0        4.866903    1.567162    0.328231 
      3          6           0        5.974543    2.389392    0.722067 
      4          6           0        7.257081    1.973142    0.460115 
      5          6           0        7.415010    0.657827   -0.028302 
      6          6           0        6.366457   -0.224617   -0.300356 
      7          6           0        6.955604   -1.595530   -0.419309 
      8          6           0        8.364220   -1.480430   -0.416280 
      9          6           0        8.722090   -0.051015   -0.186667 
     10          6           0        9.202481   -2.580233   -0.463652 
     11          6           0        8.623704   -3.857829   -0.486198 
     12          6           0        7.237229   -3.989846   -0.420576 
     13          6           0        6.391659   -2.867815   -0.376584 
     14          8           0        9.834926    0.439993   -0.103314 
     15          6           0        3.800221   -0.326200   -0.690743 
     16          6           0        2.562032    0.287644   -0.329521 
     17          6           0        2.429714    1.612319    0.230881 
     18          6           0        3.649975    2.215812    0.639982 
     19          6           0        1.475328   -0.578485   -0.652057 
     20          6           0        0.172423   -0.195837   -0.242707 
     21          6           0        0.037665    1.204456    0.037104 
     22          6           0        1.099413    2.120299    0.194097 
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     23          6           0       -1.012068   -0.989371   -0.048944 
     24          6           0       -2.235357   -0.330063    0.187621 
     25          6           0       -2.384091    1.095340   -0.121758 
     26          6           0       -1.225714    1.873780    0.007225 
     27          6           0       -3.396196   -0.950910    0.828144 
     28          6           0       -4.639447   -0.377293    0.636719 
     29          6           0       -4.769558    0.652287   -0.394889 
     30          6           0       -3.692823    1.498086   -0.617719 
     31          6           0       -5.865624   -0.626417    1.430984 
     32          6           0       -7.130241   -0.367834    0.842267 
     33          6           0       -7.190677    0.060848   -0.563849 
     34          6           0       -6.035369    0.628219   -1.158953 
     35          6           0        5.421582    3.548869    1.421648 
     36          6           0        4.003088    3.412003    1.435166 
     37          6           0        3.248943    4.258329    2.249942 
     38          6           0        3.890746    5.286931    2.950649 
     39          6           0        5.273869    5.465344    2.863461 
     40          6           0        6.052117    4.580956    2.108398 
     41          6           0        3.453425   -1.482658   -1.529879 
     42          6           0        2.039222   -1.670555   -1.467979 
     43          6           0        4.213933   -2.200628   -2.451982 
     44          6           0        3.595118   -3.166780   -3.253836 
     45          6           0        2.221313   -3.385446   -3.159154 
     46          6           0        1.435769   -2.628040   -2.281819 
     47          6           0        0.496951    3.461093    0.183468 
     48          6           0       -0.923858    3.314097    0.118166 
     49          6           0       -1.735682    4.444872    0.189997 
     50          6           0       -1.150780    5.715965    0.209035 
     51          6           0        0.234891    5.860416    0.138143 
     52          6           0        1.064833    4.734514    0.127067 
     53          6           0       -3.183152   -2.070315    1.795371 
     54          6           0       -3.832546    2.726054   -1.450297 
     55          6           0       -5.823334   -0.976781    2.794804 
     56          6           0       -6.985138   -1.112522    3.545045 
     57          6           0       -8.230224   -0.887818    2.952856 
     58          6           0       -8.293355   -0.508627    1.618065 
     59          6           0       -8.358881   -0.081911   -1.331732 
     60          6           0       -8.403346    0.318970   -2.661015 
     61          6           0       -7.260021    0.858273   -3.257351 
     62          6           0       -6.094334    1.002879   -2.516348 
     63          6           0       -4.856998    3.651988   -1.185111 
     64          6           0       -5.007456    4.794575   -1.968118 
     65          6           0       -4.140145    5.032183   -3.037387 
     66          6           0       -3.120104    4.120118   -3.313005 
     67          6           0       -2.964806    2.980128   -2.524677 
     68          6           0       -3.884629   -3.280265    1.685442 
     69          6           0       -3.719534   -4.288990    2.632882 
     70          6           0       -2.856075   -4.103632    3.714921 
     71          6           0       -2.151591   -2.904419    3.836470 
     72          6           0       -2.309004   -1.899791    2.881804 
     73          1           0       10.279979   -2.441496   -0.454833 
     74          1           0        9.253189   -4.742307   -0.523295 
     75          1           0        6.793263   -4.981490   -0.394851 
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     76          1           0        5.321236   -3.008900   -0.300580 
     77          1           0        2.179232    4.124629    2.354850 
     78          1           0        3.300248    5.950308    3.576759 
     79          1           0        5.751790    6.273464    3.410278 
     80          1           0        7.134228    4.681995    2.086323 
     81          1           0        5.271989   -2.001599   -2.572432 
     82          1           0        4.189294   -3.731112   -3.967214 
     83          1           0        1.744535   -4.128208   -3.792808 
     84          1           0        0.363838   -2.772764   -2.269247 
     85          1           0       -2.813399    4.356340    0.206203 
     86          1           0       -1.788676    6.594628    0.249652 
     87          1           0        0.678604    6.851614    0.099968 
     88          1           0        2.138497    4.860175    0.071261 
     89          1           0       -4.868265   -1.117959    3.281851 
     90          1           0       -6.916044   -1.374671    4.597162 
     91          1           0       -9.143050   -0.981761    3.534756 
     92          1           0       -9.259192   -0.282092    1.178166 
     93          1           0       -9.235191   -0.545165   -0.890145 
     94          1           0       -9.316216    0.190649   -3.236247 
     95          1           0       -7.270593    1.147710   -4.304499 
     96          1           0       -5.207753    1.389386   -3.002073 
     97          1           0       -5.532088    3.470318   -0.354000 
     98          1           0       -5.801977    5.501035   -1.742575 
     99          1           0       -4.257026    5.922870   -3.648786 
    100          1           0       -2.440005    4.296750   -4.141937 
    101          1           0       -2.167685    2.276495   -2.744599 
    102          1           0       -4.562866   -3.425842    0.850093 
    103          1           0       -4.266423   -5.221967    2.526110 
    104          1           0       -2.731573   -4.889031    4.455524 
    105          1           0       -1.479352   -2.748753    4.676341 
    106          1           0       -1.763206   -0.965803    2.983554 
    107          6           0       -0.948031   -2.472894   -0.102159 
    108          6           0       -1.810551   -3.180231   -0.957376 
    109          6           0       -0.010451   -3.203599    0.643985 
    110          6           0       -1.738256   -4.566500   -1.075855 
    111          1           0       -2.537550   -2.632788   -1.549966 
    112          6           0        0.065984   -4.590434    0.547157 
    113          1           0        0.660847   -2.681626    1.318160 
    114          6           0       -0.797287   -5.261895   -0.317810 
    115          1           0       -2.401290   -5.101373   -1.747709 
    116          1           0        0.788259   -5.146767    1.134851 
    117         17           0       -0.698224   -7.012534   -0.454223 
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Supplementary Information for Chapter 7 
Experimental and Computational Data for Chapter 7. 
General Procedures A–D.  
A. General procedure for the Cadiot–Chodkiewicz alkyne/alkyne cross-coupling reaction  
“CuCl (0.10 equiv relative to the terminal alkyne substrate) was dissolved in a 30:70 (v:v) 
mixture of nBuNH2:H2O (5.0 mL/mmol relative to the terminal alkyne substrate). An excess of 
NH2OH•HCl (ca. 10 mg per mmol of the terminal alkyne substrate) was added with stirring. The 
color of this solution changed from deep blue to colorless immediately, indicating full conversion 
of any Cu(II) to Cu(I). The headspace of the reaction vessel was flushed with N2. The flask was 
closed with a septum, a balloon of nitrogen gas was attached, and the flask was cooled in an ice 
water bath. The terminal alkyne (1.0 equiv) in CH2Cl2 (ca. 2.5 mL/mmol) was injected into the 
flask, resulting in a yellow, orange, or red suspension, indicative of formation of an alkynyl 
copper species. After ca. 5 min, a solution of the 1-bromoalkyne (1.2–1.5 equiv) in CH2Cl2 (ca. 
2.5 mL/mmol) was injected dropwise over ca. 15 min using a syringe pump. This reaction 
mixture was stirred at the indicated temperature (0 ºC or rt). The suspension of the alkynyl copper 
would typically turn to a clear, two-layer mixture over the course of 10–100 min, indicating 
consumption of the alkynyl copper species. The reaction mixture was quenched by the addition of 
satd. aq. NH4Cl and then extracted with CH2Cl2. The combined extracts were dried, filtered, and 
concentrated. The residue was purified by flash chromatography on silica gel.”97 
B. General procedure for bromination of terminal or TMS-alkyne 
“To a stirred solution of terminal alkyne or TMS-protected terminal alkyne (1.0 equiv) and N-
bromosuccinimide (NBS, 1.1 equiv) in acetone (0.10 M), powdered AgNO3 (0.10 equiv) was 
added. After being stirred at room temperature for 1–2 hours (TLC monitoring), an equal volume 
of hexanes was added to the suspension, and the solid succinimide was removed by filtration 
through Celite®. Following solvent removal from the filtrate, the crude material was purified by 
flash chromatography.”97  
C. General procedure for aryne reactions using precursor 4-Ts.  
Anhydrous potassium carbonate, 18-crown-6, Kobayashi benzyne precursor 4-Ts and the diyne 
trapping agent were added to an oven-dried, threaded glass vial. The indicated anhydrous solvent 
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(chlorobenzene in most cases) was added to arrive at a poly-yne concentration of 0.020 M. The 
headspace of the vial was purged with a gentle flow of N2 gas, and the vial was sealed with a 
Teflon-lined cap. The reaction solution was stirred in a heated oil bath held at the indicated 
temperature. After the poly-yne or benzyne precursor 4-Ts had been consumed (TLC and direct 
MS analysis, typically 5 hours), the vial was cooled to room temperature. The suspension was 
filtered through a short pad of silica (washing with hexanes/EtOAc), and the filtrate was 
concentrated in vacuo. The residue was directly subjected to MPLC for purification, using the 
indicated elution solvent. 
D. General procedure for aryne reactions using precursor 4-Tf.  
Anhydrous potassium carbonate, 18-crown-6, and the poly-yne trapping agent were added to an 
oven-dried, threaded glass vial. The indicated anhydrous solvent (chlorobenzene in most cases) 
was added to arrive at a poly-yne concentration of 0.020 M. The headspace of the vial was purged 
with a gentle flow of N2 gas, and the vial was sealed with a Teflon-lined cap. The reaction 
solution was stirred in a heated oil bath held at the indicated temperature for 10–15 min. 
Kobayashi benzyne precursor 4-Tf was then added to the solution. After the poly-yne or benzyne 
precursor 4-Tf had been consumed (TLC and direct MS analysis, typically 2 hours), the vial was 
cooled to room temperature. The suspension was filtered through a short pad of silica (washing 
with hexanes/EtOAc), and the filtrate was concentrated in vacuo. The residue was directly 
subjected to MPLC for purification, using the indicated elution solvent.  
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• Reaction optimization  
For experimental details, see general procedures C and D. Reactions in the following table were 
quenched when either X or Y was fully consumed as indicated by direct mass spec analysis. 














EWG LG Base Solvent T (°C) NMR Yielda of C Conv. of X
X
K2CO3 + 18-c-6 130, 5 h 50% 100%
Cs2CO3 + 18-c-6 130, 5 h 37% 100%
K2CO3 + 18-c-6 80, 24 h 29% 100%












K2CO3 + 18-c-6 130, 2 h 27%c 32%cTs OTf PhCl
80, 15 h 20%b 100%Ts OTs MeCNCsF + Cs2CO3
K2CO3 + 18-c-6 100, 15 h 40% 100%Ts OTs PhMe
K2CO3 + 18-c-6 130, 5 h 76%c 100%Tf OTs PhCl
K2CO3 + 18-c-6 130, 2 h 72%c 100%Tf OTf PhCl
Reaction conditions: X (0.050 mmol), Y (0.10 mmol), Base (0.40 mmol), 18-c-6 (0.10 mmol), and 
solvent (2.5 mL). a Yields were determined by crude 1H NMR analysis using p-nitrotoluene as an 
internal standard unless otherwise noted. b Yield of desilylated analog of Z. c Isolated yields after 
column chromatography on silica gel.
Y Z
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Following general procedure A, 4-methyl-N-(2-methylbut-3-yn-2-yl)benzenesulfonamide154 (0.24 
g, 1.0 mmol), [(4-bromobut-3-yn-1-yl)oxy](tert-butyl)dimethylsilane155 (0.31 g, 1.2 mmol), CuCl 
(5.0 mg), nBuNH2:H2O (5.0 mL), and DCM (5.0 mL) were used to prepare diyne 21. Purification 
of the crude material by flash chromatography (hexanes:EtOAc, 6:1) provided diyne 21 (0.35 g, 
0.83 mmol, 83%) as a white crystalline solid. 
1H NMR (500 MHz, CDCl3): δ 7.78 (nfod, J = 7.8 Hz, 2H, SO2ArHo), 7.30 (nfod, J = 8.0 Hz, 2H, 
SO2ArHm), 4.77 (br s, 1H, NH), 3.70 (t, J = 7.2 Hz, 2H, OCH2), 2.45 (t, J = 7.2 Hz, 2H, ºCCH2), 
2.42 (s, 3H, ArCH3), 1.53 [s, 6H, C(CH3)2], 0.90 [s, 9H, SiC(CH3)3], and 0.07 [s, 6H, Si(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 143.5, 138.3, 129.6, 127.8, 78.6, 76.9, 68.4, 65.4, 61.5, 50.5, 
30.7, 26.0, 23.8, 21.7, 18.4, and -5.2. 
IR (neat): 3259, 2929, 2857, 2251, 1599, 1383, 1327, 1366, 1145, 1093, 995, 837, and 812 cm-1.  
HRMS (ESI-TOF): Calcd for C22H33NNaO3SSi+ [M+Na+] requires 442.1843; found 442.1843.  




                                                
154 Kim, S.; Chung, Y. K. Rhodium-Catalyzed Carbonylative [3 + 2 + 1] Cycloaddition of Alkyne-Tethered 
Alkylidenecyclopropanes to Phenols in the Presence of Carbon Monoxide. Org. Lett. 2014, 16, 4352–4355. 
155 Rentsch, A.; Kalesse, M. The Total Synthesis of Corallopyronin A and Myxopyronin B. Angew. Chem. 
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Following general procedure C, diyne 21 (21 mg, 0.050 mmol), benzyne precursor 4-Ts125 (47 
mg, 0.10 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 mg, 0.10 mmol), and 
chlorobenzene (2.5 mL) were used to prepare naphthalene 23. Purification of the crude material 
by MPLC (hexanes:EtOAc, 15:1) provided the naphthalene derivative 23 (11 mg, 0.022 mmol, 
45%) as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.90 (nfod, J = 8.3 Hz, 2H, SO2ArHo), 7.40 (dd, J = 8.0, 8.0 Hz, 
1H, H2), 7.21 (nfod, J = 8.1 Hz, 2H, SO2ArHm), 7.20 (d, J = 7.8 Hz, 1H, H3), 7.02 (d, J = 8.2 Hz, 
1H, H1), 4.60 (t, J = 8.9 Hz, 2H, OCH2), 3.31 (t, J = 9.0 Hz, 2H, ArCH2), 2.35 (s, 3H, ArCH3), 
1.98 [s, 6H, C(CH3)2], 0.90 [s, 9H, SiC(CH3)3], and 0.50 [s, 6H, Si(CH3)2]. 
13C NMR (126 MHz, CDCl3) δ 166.3, 154.2, 143.8, 142.0, 139.1, 130.4, 129.64, 129.63, 127.0, 
122.6, 115.3, 113.4, 112.0, 103.4, 76.8, 70.6, 30.0, 28.7, 27.8, 21.6, 18.8, and 1.2. 
IR (neat): 2953, 2886, 2856, 1624, 1600, 1555, 1353, 1258, 1165, 1121, 1091, 983, 839, and 810 
cm-1.  
HRMS (ESI-TOF): Calcd for C28H35NNaO3SSi+ [M+Na+] requires 516.1999; found 516.1987.  




To a stirred solution of 2-methylbut-3-yn-2-amine (0.42 g, 5.0 mmol) and triethylamine (0.7 mL, 
5.0 mmol) in DCM (20 mL) was added triflic anhydride (0.89 mL, 5.3 mmol) slowly at –78 °C 
under inert atmosphere. After 1 hour, the crude reaction mixture was quenched with water and 
extracted with EtOAc. The combined organic phase was dried and concentrated in an ambient 
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transformations without additional purification. This crude sample of sulfonamide S1 was an 80 
wt% mixture with EtOAc, as determined by 1H NMR analysis. 
1H NMR (500 MHz, CDCl3) δ 5.02 (br s, 1H, NH), 2.51 (s, 1H, ºCH), and 1.71 [s, 6H, C(CH3)2]. 
Bromoalkyne S2 was synthesized from sulfonamide S1 (1.3 g, 80 wt% solution, 5.0 mmol), N-
bromo succinimide (0.98 g, 5.5 mmol), silver nitrate (85 mg, 0.5 mmol), and acetone (50 mL) 
following general procedure B. Purification of the crude material using flash column 
chromatography (6:1 hexanes/EtOAc) afforded bromoalkyne S2 (1.34 g, 4.5 mmol, 91%, 
containing 3 wt% EtOAc as indicated by 1H NMR analysis, 88% corrected yield) as a pale-yellow 
oil, which crystallizes upon freezing. 
1H NMR (500 MHz, CDCl3) δ 5.33 (br s, 1H, NH) and 1.69 [s, 6H, C(CH3)2]. 
13C NMR (126 MHz, CDCl3) δ 119.2 (q, J = 322 Hz), 80.7, 54.0, 45.4, and 30.7. 
IR (neat): 3288, 2992, 2225, 1710, 1429, 1361, 1189, 1134, 996, 878, and 792 cm-1.  
HRMS measurements of S2 were not successful. HRMS using ESI or APCI conditions gave only 
unidentifiable fragments. The thermal instability of this compound renders it unstable to GC-
HRMS conditions. We suggest that all of the products of its subsequent derivatization serve as a 





Following general procedure A, bromoalkyne S2 (1.5 g, 5.0 mmol), (but-3-yn-1-yloxy)(tert-
butyl)dimethylsilane (0.74 g, 4.0 mmol), CuCl (40 mg), nBuNH2:H2O (20 mL), and DCM (20 mL) 
were used to prepare diyne 22. Purification of the crude material by flash chromatography 
(hexanes:EtOAc, 9:1) provided diyne 22 (1.0 g, 2.5 mmol, 66%) as a clear oil. 
1H NMR (500 MHz, CDCl3): δ 3.74 (t, J = 7.0 Hz, 2H, OCH2), 2.50 (t, J = 7.0 Hz, 2H, ºCCH2), 
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13C NMR (126 MHz, CDCl3): δ 119.2 (q, J = 321 Hz), 80.0, 75.9, 69.0, 65.1, 61.3, 53.6, 30.7, 
26.0, 23.8, 18.4, and -5.2. 
IR (neat): 3287, 2931, 2859, 2259, 1472, 1429, 1364, 1230, 1195, 1137, 1055, 998, 836, and 778 
cm-1.  





Following general procedure C, diyne 22 (20 mg, 0.050 mmol), benzyne precursor 4-Ts125 (47 
mg, 0.10 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 mg, 0.10 mmol), and 
chlorobenzene (2.5 mL) were used to prepare the naphthalene derivative 24. Purification of the 
crude material by MPLC (hexanes:EtOAc, 20:1) gave 24 (18 mg, 0.038 mmol, 76%) as a white 
crystalline solid. 
Alternatively, naphthalene 24 was synthesized from sulfonamide 22 (20 mg, 0.050 mmol), 
benzyne precursor 4-Tf125 (47 mg, 0.10 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 mg, 
0.10 mmol), and chlorobenzene (2.5 mL) following general procedure D. Purification of the 
crude material using flash column chromatography (hexanes/EtOAc, 20:1) afforded naphthalene 
24 (17 mg, 0.036 mmol, 72%) as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.44 (dd, J = 7.9, 7.9 Hz, 1H, H2), 7.17 (d, J = 8.2 Hz, 1H, H1), 
7.13 (d, J = 7.7 Hz, 1H, H3), 4.66 (dt, J = 10.5, 8.7 Hz, 1H, OCHaHb), 4.64 (dt, J = 10.3, 8.6 Hz, 
1H, OCHaHb), 3.37 (dt, J = 15.0, 8.5 Hz, 1H, ArCHaHb), 3.36 (dt, J = 15.0, 8.3 Hz, 1H, ArCHaHb), 
2.05 [q, J = 1.0 Hz, 3H, C(CH3)a], 2.03 [s, 3H, C(CH3)b], 0.93 [s, 9H, SiC(CH3)3], 0.54 [s, 3H, 





R = Ts, 4-Ts








for 4-Ts, 5 h
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13C NMR (126 MHz, CDCl3) δ 166.4, 152.4, 139.5, 130.0, 129.6, 122.1, 120.2 (q, J = 326 Hz), 
115.9, 115.6, 113.2, 104.9 (q, J = 1.3 Hz, C3), 79.8, 70.7, 31.8, 28.6, 27.8, 27.7 (q, J = 2.7 Hz), 
18.8, 1.6, and 0.8. 
IR (neat): 2932, 2897, 2858, 1627, 1600, 1399, 1382, 1258, 1223, 1141, 987, 839, and 810 cm-1.  
HRMS (ESI-TOF): Calcd for C22H28F3NNaO3SSi+ [M+Na+] requires 494.1403; found 494.1417.  
m.p. 153–156 °C. 
This reaction was also performed on a larger scale: Namely, benzyne precursor 4-Ts (1.8 g, 
3.8 mmol), potassium carbonate (2.1 g, 15 mmol), and 18-crown-6 (0.98 g, 3.8 mmol) were 
added into an oven-dried, 55 mL threaded culture tube. The headspace of the vessel was gently 
flushed with N2 gas while diyne 22 (1.0 g, 2.5 mmol) in 50 mL of chlorobenzene was added. The 
culture tube was sealed with a Teflon-lined screw-cap and heated for 5 h at 130 °C in an oil bath. 
Both 4-Ts and 22 were fully consumed after 5 h, as indicated by TLC and MS analysis. The 
reaction mixture was filtered through a short pad of silica gel, the filtrate was concentrated in 
vacuo, and the residue was directly subjected to flash column chromatography (hexanes:EtOAc, 






Following general procedure A, alkyne S1 (0.13 g, 80 wt% solution, 0.48 mmol), [(5-bromopent-
4-yn-1-yl)oxy](tert-butyl)dimethylsilane156 (0.17 g, 0.61 mmol), CuCl (5.0 mg), nBuNH2:H2O 
(2.5 mL), and DCM (2.5 mL) were used to prepare diyne 25a. Purification of the crude material 
by flash chromatography (hexanes:EtOAc, 10:1) provided diyne 25a (0.11 g, 0.27 mmol, 54%) as 
a pale-yellow oil. 
                                                
156 Dunetz, J. R.; Danheiser, R. L. Copper-Mediated N-Alkynylation of Carbamates, Ureas, and 
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1H NMR (500 MHz, CDCl3): δ 5.01 (br s, 1H, NH), 3.68 (t, J = 6.0 Hz, 2H, OCH2), 2.38 (t, J = 
7.1 Hz, 2H, ºCCH2), 1.73 (tt, J = 7.0, 6.0 Hz, 2H, CH2CH2CH2), 1.70 [s, 6H, C(CH3)2], 0.89 [s, 
9H, SiC(CH3)3], and 0.06 [s, 6H, Si(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 119.2 (q, J = 323 Hz), 82.8, 75.6, 69.2, 64.1, 61.4, 53.7, 31.2, 
30.7, 26.9, 18.4, 15.9, and -5.2. 
IR (neat): 3288, 2930, 2858, 2257, 1428, 1387, 1364, 1229, 1193, 1136, 997, 834, and 776 cm-1.  





Following general procedure C, diyne 25a (21 mg, 0.051 mmol), benzyne precursor 4-Ts125 (47 
mg, 0.10 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 mg, 0.10 mmol), and 
chlorobenzene (2.5 mL) were used to prepare naphthalene 27a. Purification of the crude material 
by MPLC (hexanes:EtOAc, 20:1) provided naphthalene 27a (20 mg, 0.041 mmol, 81%) as a pale-
yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.46 (dd, J = 8.0, 8.0 Hz, 1H, H2), 7.33 (dd, J = 8.2 Hz, 1H, H1), 
7.19 (d, J = 7.7 Hz, 1H, H3), 4.21 (dt, J = 10.6, 5.0 Hz, 1H, OCHaHb), 4.17 (dt, J = 10.7, 5.0 Hz, 
1H, OCHaHb), 3.01 (dt, J = 16.8, 6.6 Hz, 1H, ArCHaHb), 3.00 (dt, J = 16.8, 6.6 Hz, 1H, ArCHaHb), 
2.11 (tt, J = 6.3, 5.1 Hz, 2H, CH2CH2CH2), 2.06 [q, J = 1.0 Hz, 3H, C(CH3)a], 2.04 [s, 3H, 
C(CH3)b], 0.95 [s, 9H, SiC(CH3)3], 0.51 [s, 3H, Si(CH3)a], and 0.46 [s, 3H, Si(CH3)b]. 
13C NMR (126 MHz, CDCl3) δ 159.9, 151.2, 139.2, 132.4, 129.6, 121.3, 120.5, 120.2 (q, J = 326 
Hz), 115.0, 111.3, 105.6 (q, J = 1.4 Hz), 79.8, 65.7, 31.7, 29.3, 27.6 (q, J = 2.7 Hz), 21.6, 21.4, 
18.8, 3.2, and 2.3. 
IR (neat): 2998, 2934, 2853, 1604, 1556, 1400, 1309, 1254, 1199, 1143, 1100, 1000, 809 cm-1.  
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Following general procedure A, bromoalkyne S2 (74 mg, 0.25 mmol), tert-butyl((2-
ethynylbenzyl)oxy)dimethylsilane157 (0.10 g, 0.30 mmol), CuCl (3.0 mg), nBuNH2:H2O (1.5 mL), 
and DCM (1.5 mL) were used to prepare diyne 25b. Purification of the crude material by flash 
chromatography (hexanes:EtOAc, 8:1) provided diyne 25b (60 mg, 0.13 mmol, 52%) as a pale-
yellow oil. 
1H NMR (500 MHz, CDCl3): δ 7.54 (d, J = 7.9 Hz, 1H, ArH6 or ArH3), 7.46 (dd, J = 7.9, 1.1 Hz, 
1H, ArH3 or ArH6), 7.39 (ddd, J = 7.6, 7.6, 1.2 Hz, 1H, ArH4 or ArH5), 7.21 (dd, J = 7.6, 7.6 Hz, 
1H, ArH5 or ArH4), 5.10 (br s, 1H, NH), 4.86 (s, 2H, OCH2), 1.77 [s, 6H, C(CH3)2], 0.96 [s, 9H, 
SiC(CH3)3], and 0.13 [s, 6H, Si(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 145.2, 133.2, 129.9, 126.8, 126.3, 119.2 (q, J = 321 Hz), 118.1, 
83.3, 77.4, 77.2, 68.7, 63.2, 53.8, 30.6, 26.1, 18.5, and -5.2. 
IR (neat): 3288, 2955, 2931, 2858, 2240, 1429, 1365, 1256, 1198, 1139, 1084, 1000, 839, and 
778 cm-1.  




                                                
157 Morán-Poladura, P.; Rubio, E.; González, J. M. Intramolecular C–H Activation through Gold(I)-
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Following general procedure C, diyne 25b (20 mg, 0.044 mmol), benzyne precursor 4-Ts125 (47 
mg, 0.10 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 mg, 0.10 mmol), and 
chlorobenzene (2.5 mL) were used to prepare the naphthalene derivative 27b. Purification of the 
crude material by MPLC (hexanes:EtOAc, 20:1) provided 27b (14 mg, 0.026 mmol, 60%) as a 
pale-yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 8.04 (d, J = 8.3 Hz, 1H, H1), 8.03 (br d, J = 7.6 Hz, 1H, H12), 
7.53 (dd, J = 7.9, 7.9 Hz, 1H, H2), 7.46 (ddd, J = 7.6, 7.6, 1.3 Hz, 1H, H11), 7.36 (ddd, J = 7.5, 
7.5, 0.9 Hz, 1H, H10), 7.32 (d, J = 7.5, 1.0 Hz, 1H, H9), 7.29 (d, J = 7.7 Hz, 1H, H3), 4.98 (d, J = 
12.2 Hz, 1H, OCHaHb), 4.94 (d, J = 12.2 Hz, 1H, OCHaHb), 2.11 [q, J = 1.0 Hz, 3H, C(CH3)a], 
2.08 [s, 3H, C(CH3)b], 1.00 [s, 9H, SiC(CH3)3], 0.55 [s, 3H, Si(CH3)a], and 0.44 [s, 3H, Si(CH3)b].    
13C NMR (126 MHz, CDCl3) δ 162.0, 153.2, 139.5, 132.9, 130.3, 130.2, 129.4, 128.4, 127.4, 
126.1, 124.9, 123.0, 120.2, 120.1 (q, J = 326 Hz), 117.6, 115.2, 106.4 (q, J = 1.3 Hz), 79.4, 68.9, 
31.8, 29.4, 27.6 (q, J = 2.5 Hz), 18.8, 3.2, and 2.1. 
IR (neat): 2996, 2933, 2857, 1621, 1577, 1462, 1401, 1382, 1255, 1225, 1203, 1144, 1022, 976, 
and 815 cm-1.  
HRMS (ESI-TOF): Calcd for C27H31F3NO3SSi+ [M+H+] requires 534.1741; found 534.1751.  




Diyne 22 (0.15 g, 0.38 mmol) was added to 4 mL of 1% aq HCl (37%) in EtOH and stirred at 
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solution and extracted with EtOAc. The combined organic phase was dried and concentrated. The 
residue was subjected to flash column chromatography (2:1 hexanes/EtOAc) to obtain alcohol 
25c (0.10 g, 0.35 mmol, 94%) as a clear oil. 
1H NMR (500 MHz, CDCl3): δ 3.77 (t, J = 6.2 Hz, 2H, OCH2), 2.58 (t, J = 6.2 Hz, 2H, ºCCH2), 
and 1.69 [s, 6H, C(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 119.2 (q, J = 321 Hz), 79.2, 76.5, 68.6, 65.8, 60.7, 53.3, 30.6, 
and 23.7. 
IR (neat): 3554, 3291, 2897, 2259, 1432, 1364, 1274, 1229, 1192, 1137, 1040, 1000, 845, and 
633 cm-1.  





Preparation of the naphthalene derivative 27c began with general procedure C from diyne 25c (20 
mg, 0.070 mmol), benzyne precursor 4-Ts125 (63 mg, 0.14 mmol), K2CO3 (75 mg, 0.54 mmol), 
18-crown-6 (36 mg, 0.14 mmol), and chlorobenzene (3.0 mL). A mixture of 27c and 27c’ was 
obtained as suggested by TLC and MS analysis. The crude reaction mixture was directly treated 
with TBAF (1M in THF, 0.1 mL) and stirred at ambient temperature for 5 min, which was 
quenched with addition of water. After extraction with EtOAc, the combined organic phase was 
dried and passed through a pad of silica gel. The filtrate was concentrated in vacuo and subjected 
to MPLC to provide 27c (14 mg, 0.038 mmol, 55%) as a white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.46 (dd, J = 8.0, 8.0 Hz, 1H, H2), 7.24 (d, J = 8.3 Hz, 1H, H1), 
7.14 (d, J = 7.6 Hz, 1H, H3), 6.78 (s, 1H, ArH), 4.79 (t, J = 8.9 Hz, 2H, OCH2), 3.43 (dt, J = 15.1, 
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13C NMR (126 MHz, CDCl3) δ 161.0, 145.8, 140.0, 130.0, 128.9, 121.8, 120.1 (q, J = 326 Hz), 
117.1, 116.3, 105.5 (q, J = 1.2 Hz), 102.3, 78.3, 72.6, 31.5, 28.0, and 27.1 (q, J = 2.7 Hz). 
IR (neat): 3003, 2978, 2907, 1632, 1594, 1402, 1378, 1221, 1198, 1153, 1122, 994, and 762 cm-1.  
HRMS (ESI-TOF): Calcd for C16H14F3NNaO3S+ [M+Na+] requires 380.0539; found 380.0552.  





Following general procedure A, bromoalkyne S2 (74 mg, 0.25 mmol), N-(but-3-yn-1-yl)-4-
methylbenzenesulfonamide158 (67 mg, 0.30 mmol), CuCl (3.0 mg), nBuNH2:H2O (1.5 mL), and 
DCM (1.5 mL) were used to prepare diyne 25d. Purification of the crude material by flash 
chromatography (hexanes:EtOAc, 3:1) provided diyne 25d (73 mg, 0.17 mmol, 67%, containing 
2wt% EtOAc and 6 wt% hexanes as indicated by the 1H NMR spectrum, 62% corrected yield) as 
a white crystalline solid. 
1H NMR (500 MHz, CDCl3): δ 7.75 (nfod, J = 8.2 Hz, 2H, SO2ArHo), 7.33 (nfod, J = 8.2 Hz, 2H, 
SO2ArHm), 5.24 (br s, 1H, TfNH), 5.24 (t, J = 6.5 Hz, 1H, TsNH), 3.13 (dt, J = 6.5, 6.5 Hz, 2H, 
TsNHCH2), 2.47 (t, J = 6.6 Hz, 2H, ºCCH2), 2.44 (s, 3H, ArCH3), and 1.70 [s, 6H, C(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 144.0, 136.9, 130.0, 127.2, 119.2 (q, J = 320 Hz), 78.3, 77.0, 
68.4, 66.5, 53.4, 41.4, 30.6, 21.7, and 21.1. 
IR (neat): 3253, 2988, 2934, 2880, 2257, 1728, 1598, 1435, 1364, 1192, 1138, 1090, 998, and 
814 cm-1.  
HRMS (ESI-TOF): Calcd for C17H19F3N2NaO4S2+ [M+Na+] requires 459.0631; found 459.0630. 
                                                
158 Chen, X.; Merrett, J. T.; Hong Chan, P. W. Gold-Catalyzed Formal [4+2] Cycloaddition of 5-
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Following general procedure C, diyne 25d (20 mg, 0.046 mmol), benzyne precursor 4-Ts125 (47 
mg, 0.10 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 mg, 0.10 mmol), and 
chlorobenzene (2.5 mL) were used to prepare the naphthalene derivative 27d. Purification of the 
crude material by MPLC (hexanes:EtOAc, 6:1) provided 27d (12 mg, 0.024 mmol, 51%) as a 
pale-yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.69 (s, 1H, ArH), 7.64 (nfod, J = 8.4 Hz, 2H, SO2ArHo), 7.45 (dd, 
J = 7.9, 7.9 Hz, 1H, H2), 7.21 (nfod, J = 8.3 Hz, 2H, SO2ArHm), 7.20 (d, J = 7.5 Hz, 1H, H3), 
7.18 (d, J = 8.2 Hz, 1H, H1), 4.133 (dt, J = 10.7, 8.9 Hz, 1H, TsNCHaHb), 4.129 (dt, J = 10.8, 8.8 
Hz, 1H, TsNCHaHb), 3.12 (dt, J = 16.0, 8.6 Hz, 1H, ArCHaHb), 3.11 (dt, J = 16.0, 8.6 Hz, 1H, 
ArCHaHb), 2.35 (s, 3H, ArCH3), 1.973 [q, J = 1.0 Hz, 3H, C(CH3)a], and 1.968 [s, 3H, C(CH3)b]. 
13C NMR (126 MHz, CDCl3) δ 145.5, 144.6, 142.7, 140.0, 133.8, 130.2, 129.9, 128.3, 127.4, 
124.1, 123.5, 120.0 (q, J = 325 Hz), 116.6, 107.1 (q, J = 1.3 Hz), 106.2, 78.7, 51.0, 31.5, 27.1 (q, 
J = 2.4 Hz), 26.0, and 21.7. 
IR (neat): 3006, 2933, 2861, 1735, 1632, 1596, 1402, 1354, 1292, 1199, 1165, 1139, 1015, 814, 
and 763 cm-1.  
HRMS (ESI-TOF): Calcd for C23H21F3N2NaO4S2+ [M+Na+] requires 533.0787; found 533.0789.  
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Following general procedure A, alkyne S1 (0.13 g, 80 wt% solution, 0.48 mmol), (5-bromopent-
4-yn-1-yl)benzene159 (0.16 g, 0.72 mmol), CuCl (5.0 mg), nBuNH2:H2O (2.5 mL), and DCM (2.5 
mL) were used to prepare diyne 25e. Purification of the crude material by flash chromatography 
(hexanes:EtOAc, 20:1) provided diyne 25e (0.10 g, 0.28 mmol, 56%) as a pale-yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.31–7.26 (nfom, 2H, PhHo), 7.22–7.16 (m, 3H, PhHm+p), 5.12 (br 
s, 1H, NH), 2.72 (t, J = 7.5 Hz, 2H, PhCH2), 2.29 (t, J = 7.1 Hz, 2H, ºCCH2), 1.86 (tt, J = 7.2, 7.2 
Hz, 2H, CH2CH2CH2), and 1.70 [s, 6H, C(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 141.2, 128.6, 128.6, 126.2, 119.2 (q, J = 321 Hz), 82.5, 75.8, 
69.1, 64.6, 53.6, 34.8, 30.7, 29.7, and 18.8. 
IR (neat): 3291, 2998, 2944, 2859, 2256, 1426, 1363, 1192, 1133, 994, 943, 871, and 732 cm-1.  
HRMS (ESI-TOF): Calcd for C17H18F3NNaO2S+ [M+Na+] requires 380.0903; found 380.0916.  





Following general procedure C, diyne 25e (20 mg, 0.056 mmol), benzyne precursor 4-Ts125 (52 
mg, 0.11 mmol), K2CO3 (62 mg, 0.45 mmol), 18-crown-6 (29 mg, 0.11 mmol), and 
chlorobenzene (2.5 mL) were used to prepare the naphthalene derivative 27e. Purification of the 
                                                
159 Nicolai, S.; Sedigh-Zadeh, R.; Waser, J. Pd(0)-Catalyzed Alkene Oxy- and Aminoalkynylation with 
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crude material by MPLC (hexanes:EtOAc, 20:1) provided 27e (18 mg, 0.042 mmol, 75%) as a 
pale-yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.42 (dd, J = 8.3, 1.1 Hz, 1H, H5), 7.39 (dd, J = 8.2, 8.2 Hz, 1H, 
H4), 7.26 (d, J = 7.7 Hz, 1H, H3), 6.84 (dd, J = 8.7, 6.3 Hz, 1H, H12a), 6.83 (dd, J = 8.7, 6.3 Hz, 
1H, H12b), 6.67 (dd, J = 6.8, 1.3 Hz, 1H, H13a), 6.66 (dd, J = 7.0, 1.2 Hz, 1H, H13b), 5.14 (dddd, 
J = 6.0, 6.0, 1.5, 1.5 Hz, 1H, H11), 2.98 (dt, J = 16.6, 6.0 Hz, 1H, ArCHaHb), 2.96 (dt, J = 16.4, 
6.0 Hz, 1H, ArCHaHb), 2.54 (dt, J = 13.5, 5.4 Hz, 1H, CCHaHb), 2.53 (dt, J = 13.5, 5.3 Hz, 1H, 
CCHaHb), 2.08 [q, J = 1.0 Hz, 3H, C(CH3)a], 2.07–2.01 (m, 2H, CH2CH2CH2), and 2.04 [s, 3H, 
C(CH3)b]. 
13C NMR (126 MHz, CDCl3) δ 145.4 (x2), 144.4, 139.0, 138.40, 138.38, 135.4, 132.2, 128.1, 
127.7, 127.1, 123.2, 120.1 (q, J = 328 Hz), 116.8, 108.2 (q, J = 1.3 Hz), 78.3, 51.3, 43.9, 31.7, 
30.6, 26.5 (q, J = 2.6 Hz), 24.5, and 21.1. 
IR (neat): 3000, 2932, 2860, 1609, 1502, 1444, 1402, 1255, 1220, 1144, 978, 957, and 849 cm-1.  
HRMS (ESI-TOF): Calcd for C23H20F3NNaO2S+ [M+Na+] requires 454.1059; found 454.1045.  





Following general procedure A, bromoalkyne S2 (0.78 g, 2.6 mmol), 1-ethynyl-2-
methoxynaphthalene129 (0.60 g, 3.8 mmol), CuCl (10 mg), nBuNH2:H2O (15 mL), and DCM (15 
mL) were used to prepare diyne 25f. Purification of the crude material by flash chromatography 
(hexanes:EtOAc, 6:1 to 3:1) provided diyne 25f (0.44 g, 1.2 mmol, 45%) as a light brown oil. 
1H NMR (500 MHz, CDCl3): δ 6.66 (s, 1H, ArHp), 6.57 (s, 2H, ArHo), 4.95 (br s, 1H, TfNH), 















  452 
 
13C NMR (126 MHz, CDCl3): δ 157.6, 139.5, 123.7, 119.2 (q, J = 321 Hz), 112.7, 79.6, 70.5, 
68.1, 56.2, 53.4, 30.5, and 21.6. 
IR (neat): 3299, 2992, 2918, 2859, 2256, 1614, 1594, 1430, 1362, 1293, 1197, 1150, 1062, 998, 
and 828 cm-1. 





Following general procedure C, diyne 25f (19 mg, 0.051 mmol), benzyne precursor 4-Ts125 (47 
mg, 0.10 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 mg, 0.10 mmol), and 
chlorobenzene (2.5 mL) were used to prepare the naphthalene derivative 27f. Purification of the 
crude material by MPLC (hexanes:EtOAc, 20:1) provided 27f (8.6 mg, 0.019 mmol, 38%) as a 
white crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.57–7.52 (m, 2H, H1 and H2), 7.54 (s, 1H, H6), 7.35–7.30 (nfom, 
1H, H3), 6.84 (s, 1H, H8 or H10), 6.81 (s, 1H, H8 or H10), 5.35 (d, J = 13.0 Hz, 1H, OCHaHb), 
5.30 (d, J = 13.0 Hz, 1H, OCHaHb), 2.69 (s, 3H, C7CH3), 2.35 (s, 3H, C9CH3), 1.98 [q, J = 1.0 
Hz, 3H, C(CH3)a], and 1.97 [s, 3H, C(CH3)b]. 
13C NMR (126 MHz, CDCl3) δ 156.5, 143.8, 139.8, 139.7, 135.0, 131.6, 129.8, 127.6, 127.0, 
126.8, 124.8, 121.5, 120.1 (q, J = 325 Hz), 116.5, 115.5, 114.3, 108.1 (q, J = 1.2 Hz), 78.9, 64.9, 
31.6, 27.2 (q, J = 2.5 Hz), 22.7, and 21.4. 
IR (neat): 2976, 2926, 2853, 1614, 1453, 1386, 1223, 1200, 1141, 1029, and 843 cm-1.  
HRMS (ESI-TOF): Calcd for C23H20F3NNaO3S+ [M+Na+] requires 470.1008; found 470.1015.  






























Alternatively, naphthalene derivatives 27f and 27f’ were prepared from benzyne precursor 4-Tf125 
(45 mg, 0.10 mmol), diyne 25f (18 mg, 0.048 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 
(26 mg, 0.10 mmol), and chlorobenzene (2.5 mL) following general procedure D. Purification of 
the crude material by MPLC (hexanes:EtOAc, 30:1 to 10:1) afforded, in the order of elution, 27f 
(12.0 mg, 0.027 mmol, 56%) as a white crystalline solid and the naphthalene derivative 27f’ (6.7 
mg, 0.010 mmol, 21%) as a yellow crystalline solid.  
Data for 27f’ 
The regiochemistry is assigned primarily by the nOe correlation as indicated on the structure. 
This compound exists as a 1:1 pair of diastereoisomers in the NMR time scale because of slow 
inversion of the nitrogen center. This is reflected in the four resonances of very similar intensity 
in the 19F spectrum as well as the C6-methylene protons in the 1H spectrum.  
1H NMR (500 MHz, CDCl3) δ 7.56 (dd, J = 8.4 Hz, 1H, H7), 7.53 (dd, J = 8.5, 7.4 Hz, 1H, H8), 
7.31 (d, J = 7.4 Hz, 1H, H9), 7.23 (d, J = 7.2 Hz, 1H, H1), 7.11 (s, 1H, H12), 7.01 (dd, J = 8.2, 
7.2 Hz, 1H, H2), 6.81 (d, J = 8.3 Hz, 1H, H3), 6.53 (dq, J = 1.8, 1.8 Hz, 1H, alkenyl-H), 5.40 (d, 
J = 14.4 Hz, 0.5H, diastereomer A, OCHaHb), 5.39 (d, J = 14.4 Hz, 0.5H, diastereomer B, 
OCHaHb), 5.33 (d, J = 14.4 Hz, 0.5H, diastereomer A, OCHaHb), 5.31 (d, J = 14.4 Hz, 0.5H, 
diastereomer B, OCHaHb), 4.36 (d, J = 1.8 Hz, 1H, H14), 2.38 (s, 3H, C13-CH3), 1.98 (d, J = 1.7 
Hz, 3H, C15-CH3), 1.92 [q, J = 1.0 Hz, 3H, C(CH3)a], and 1.88 [s, 3H, C(CH3)b]. 
13C NMR (126 MHz, CDCl3) δ [148.95 (diastereomer A), 148.90 (diastereomer B)], 148.88, 
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129.4, 127.9, 126.0, 124.4, 121.6, 120.1 (q, J = 325 Hz), 119.0 (q, J = 319 Hz), 118.6, 117.7, 
116.7, 114.2, 108.3, 87.9, 78.7, 62.8, [61.75 (A), 61.73 (B)], [31.7 (A), 31.5 (B)], [27.2 (q, J = 2.5 
Hz, A), 27.1 (q, J = 2.6 Hz, B)], [20.10 (A), 20.07 (B)], and 19.6. 
19F NMR (471 MHz, CDCl3) δ [-73.81 (A), -73.83 (B)], and [-74.29 (A), -74.30 (B)]. 
IR (neat): 2977, 2943, 2933, 1759, 1611, 1424, 1404, 1384, 1246, 1229, 1203, 1143, 1061, and 
852 cm-1.  
HRMS (ESI-TOF): Calcd for C30H23F6NNaO6S2+ [M+Na+] requires 694.0763; found 694.0765.  




Alkyne S3 was synthesized following a reported procedure160: To a solution of 2-methylbut-3-yn-
2-ol (1.3 g, 16 mmol) in anhydrous acetonitrile (25 mL) under nitrogen at ca. -10 °C was added 
DBU (2.9 mL, 20 mmol). Trifluoroacetic anhydride (2.1 mL, 15 mmol) was added over 15 min 
while carefully keeping the temperature below -10 °C. The resulting solution was stirred at 0 °C 
for 45 min before the addition of the trifluoroacetate ester to the solution of 3,5,-dimethylphenol 
as described below. 
3,5-Dimethylphenol (1.6 g, 13 mmol) was dissolved in anhydrous acetonitrile (25 mL) under 
nitrogen and cooled to below -10 °C. DBU (2.9 mL, 20 mmol) and CuCl2 (15 mg) were added. 
The above described trifluoroacetate solution was added to the 3,5-dimethylphenol solution over 
20 min, while maintaining the temperature below 0 °C. After being stirred for 5 h at 0 °C, the 
mixture was poured into 30 mL of saturated NH4Cl aqueous solution. The mixture was extracted 
with EtOAc, dried, and concentrated. The residue was redissolved in hexanes/EtOAc (40:1) and 
                                                
160 Hou, S.; Liu, Y.; Kong, Y.; Brown, M. L. Total Synthesis of 7-Hydroxymurrayazolinine, Murrayamine 
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passed through a short silica plug, eluting with additional hexanes/EtOAc (40:1). The filtrate was 
concentrated and the crude material (1.3 g, ca. 6.9 mmol, 53%) was used for the next step without 
further purification. 
Bromoalkyne S4 was prepared from crude S3 (0.94 g, ca. 5.0 mmol), NBS (1.0 g, 5.5 mmol), 
AgNO3 (70 mg, 0.5 mmol), and acetone (50 mL) following general procedure B. Purification of 
the crude mixture by flash column chromatography (hexanes:EtOAc, 50:1) afforded bromoalkyne 
S4 (0.67 g, 2.5 mmol, 50%) as a clear oil. 
1H NMR (500 MHz, CDCl3) δ 6.78 (s, 2H, ArHo), 6.71 (s, 1H, ArHp), 2.29 (s, 6H, ArCH3), and 
1.60 [s, 6H, C(CH3)2]. 
13C NMR (126 MHz, CDCl3) δ 155.4, 138.7, 124.9, 119.5, 82.7, 73.4, 46.0, 29.6, and 21.5. 
IR (neat): 2984, 2935, 2226, 1758, 1610, 1594, 1467, 1380, 1300, 1240, 1135, 1048, and 850 cm-
1.  
LRMS (GCMS-EI, tR = 6.95 min): Calcd for C13H1579BrO+ [M+] requires 266.0301; found 266.1, 






Following general procedure A, alkyne S1 (0.54 g, 80 wt% solution, 2.0 mmol), bromoalkyne S4 
(0.67 g, 2.5 mmol), CuCl (20 mg), nBuNH2:H2O (10 mL), and DCM (10 mL) were used to 
prepare diyne 25g. Purification of the crude material by flash chromatography (hexanes:EtOAc, 
10:1) provided the diyne 25g (0.37 g, 0.92 mmol, 46%, containing 2 wt% EtOAc as suggested by 
its 1H NMR spectrum, 45% corrected yield) as a yellowish oil. 
1H NMR (500 MHz, CDCl3): δ 6.78 (s, 2H, ArHo), 6.72 (s, 1H, ArHp), 5.10 (br s, 1H, TfNH), 
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13C NMR (126 MHz, CDCl3): δ 155.2, 138.8, 125.1, 119.4, 119.2 (q, J = 321 Hz), 83.0, 80.0, 
72.7, 69.2, 68.1, 53.5, 30.6, 29.4, and 21.5. 
IR (neat): 3287, 2989, 2923, 2870, 2250, 1610, 1592, 1430, 1364, 1191, 1133, 995, and 860 cm-1. 





Following general procedure C, diyne 25g (23 mg, 0.057 mmol), benzyne precursor 4-Ts125 (54 
mg, 0.12 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 mg, 0.10 mmol), and 
chlorobenzene (2.5 mL) were used to prepare the naphthalene derivative 27g. Purification of the 
crude material by MPLC (hexanes:EtOAc, 20:1) provided 27g (11 mg, 0.023 mmol, 40%) as a 
yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.43 (dd, J = 8.1, 8.1 Hz, 1H, H9), 7.32 (d, J = 8.2 Hz, 1H, H8), 
7.28 (d, J = 7.7 Hz, 1H, H10), 6.54 (dq, J = 1.5, 1.5 Hz, 2H, alkenyl-H), 4.42 (t, J = 1.6 Hz, 1H, 
bridgehead-H), 2.06 [br s, 3H, C(CH3)a], 2.03 [s, 3H, C(CH3)b], 1.91 [d, J = 1.6 Hz, 6H, alkenyl-
CH3], and 1.81 [br s, 6H, C(CH3)2]. 
13C NMR (126 MHz, CDCl3) δ 151.8, 144.49, 144.46, 140.3, 137.60, 137.55, 135.9, 129.0, 128.3, 
127.7, 125.9, 124.4, 120.1 (q, J = 326 Hz), 116.3, 108.0 (q, J = 1.4 Hz), 93.7, 92.8, 76.5, 55.5, 
31.5, 29.27, 29.25, 27.2 (q, J = 2.5 Hz), 19.32, and 19.28 (all diastereotopic carbon signals are 
resolved). 
IR (neat): 2971, 2931, 2857, 1758, 1605, 1461, 1408, 1384, 1252, 1201, 1148, 1056, and 967 cm-
1.  
HRMS (ESI-TOF): Calcd for C25H24F3NNaO3S+ [M+Na+] requires 498.1321; found 498.1325.  



























Following general procedure A, bromoalkyne S2 (0.15 g, 0.50 mmol), 1-ethynyl-2-
methoxybenzene (0.10 g, 0.76 mmol), CuCl (5.0 mg), nBuNH2:H2O (2.5 mL), and DCM (2.5 mL) 
were used to prepare diyne 25h. Purification of the crude material by flash chromatography 
(hexanes:EtOAc, 6:1) provided diyne 25h (0.15 g, 0.44 mmol, 87%) as a yellow crystalline solid. 
1H NMR (500 MHz, CDCl3): δ 7.45 (dd, J = 7.6, 1.7 Hz, 1H, H6), 7.34 (ddd, J = 8.4, 7.6, 1.7 Hz, 
1H, H4), 6.91 (ddd, J = 7.6, 7.6, 0.9 Hz, 1H, H5), 6.88 (d, J = 8.5 Hz, 1H, H3), 5.14 (br s, 1H, 
TfNH), 3.89 (s, 3H, OCH3), and 1.75 [s, 6H, C(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 161.7, 134.7, 131.2, 120.7, 119.2 (q, J = 321 Hz), 110.8, 110.5, 
82.9, 76.49 (q, J = 2.4 Hz), 76.45 (q, J = 1.3 Hz), 69.0, 56.0, 53.9, and 30.6. 
IR (neat): 3290, 2992, 2943, 2840, 2239, 1595, 1493, 1434, 1364, 1279, 1198, 1138, 997, and 
753 cm-1.  
HRMS (ESI-TOF): Calcd for C15H14F3NNaO3S+ [M+Na+] requires 368.0539; found 368.0527. 
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Following general procedure C, diyne 25h (17 mg, 0.049 mmol), benzyne precursor 4-Ts125 (47 
mg, 0.10 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 mg, 0.10 mmol), and 
chlorobenzene (2.5 mL) were used to prepare the naphthalene derivative 27h. Purification of the 
crude material by MPLC (hexanes:EtOAc, 20:1 to 6:1) provided, in the order of elution, 27h (9.0 
mg, 0.022 mmol, 45%) as a pale-yellow crystalline solid and 27h’ (7.8 mg, coeluting with a small 
amount of an unknown impurity, ca. 20% yield) as a yellow amorphous solid. 
Data for 27h 
1H NMR (500 MHz, CDCl3) δ 8.29 (dd, J = 7.2, 1.7 Hz, 1H, H11), 8.12 (d, J = 8.3 Hz, 1H, H1), 
7.72 (dd, J = 7.9, 7.9 Hz, 1H, H2), 7.69 (dd, J = 7.4, 1.2 Hz, 1H, H8), 7.52 (ddd, J = 7.3, 7.3, 1.5 
Hz, 1H, H9), 7.48 (ddd, J = 7.3, 7.3, 1.2 Hz, 1H, H10), 7.46 (s, 1H, ArH), 7.43 (d, J = 7.6 Hz, 1H, 
H3), 2.03 [q, J = 1.0 Hz, 3H, C(CH3)a], and 2.02 [s, 3H, C(CH3)b]. 
13C NMR (126 MHz, CDCl3) δ 156.7, 156.2, 145.0, 140.2, 130.6, 126.8, 126.4, 124.5, 123.6, 
122.8, 121.8, 120.1 (q, J = 326 Hz), 117.4, 116.5, 112.0, 107.6 (q, J = 1.3 Hz), 103.2, 78.1, 31.8, 
and 27.3 (q, J = 2.6 Hz). 
IR (neat): 3067, 3000, 2932, 1631, 1603, 1459, 1406, 1383, 1346, 1242, 1141, 1021, 998, and 
744 cm-1.  
HRMS (ESI-TOF): Calcd for C20H14F3NNaO3S+ [M+Na+] requires 428.0539; found 428.0538.  
m.p. 147–150 °C. 
______________________________________________________________________________ 
(±)-5-(2-Methoxyphenyl)-2,2-dimethyl-1-((trifluoromethyl)sulfonyl)-1,2-
dihydrobenzo[cd]indol-4-yl 4-methylbenzenesulfonate (27h’) 
The assignment of constitution was made on the basis of nOe correlations as shown in the above 
scheme. 
1H NMR (500 MHz, CDCl3) δ 7.68 (nfod, J = 8.3 Hz, 2H, SO2ArHo), 7.397 (dd, J = 7.5, 1.6 Hz, 
1H, H6’), 7.393 (d, J = 7.9 Hz, 1H, H8), 7.34 (ddd, J = 8.6, 7.7, 1.5 Hz, 1H, H4’), 7.27 (nfod, J = 
8.3 Hz, 2H, SO2ArHm), 7.23 (dd, J = 8.2, 8.2 Hz, 1H, H7), 7.14 (d, J = 8.2 Hz, 1H, H6), 6.96 (dd, 
J = 7.5, 7.5 Hz, 1H, H5’), 6.90 (d, J = 8.5 Hz, 1H, H3’), 6.67 (s, 1H, ArH), 3.89 (s, 3H, OCH3), 
2.39 (s, 3H, ArCH3), 1.99 [br s, 3H, C(CH3)a], and 1.88 [s, 3H, C(CH3)b]. 
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13C NMR (126 MHz, CDCl3) δ 160.4, 148.3, 146.2, 142.0, 132.9, 132.2, 130.8, 130.5, 129.8, 
128.9, 120.7, 119.9 (q, J = 326 Hz), 119.8, 118.9, 113.3 (q, J = 1.3 Hz), 112.5, 110.8, 104.2, 98.5, 
90.1, 76.8, 55.7, 27.1, 22.9 (q, J = 2.4 Hz), and 21.77 (one aromatic carbon resonance was not 
discernable). 
IR (neat): 3058, 2941, 2840, 1596, 1492, 1403, 1385, 1274, 1219, 1179, 1140, 1024, 837, and 
776 cm-1.  
HRMS (ESI-TOF): Calcd for C28H24F3NNaO6S2+ [M+Na+] requires 614.0889; found 614.0902.  
______________________________________________________________________________ 
 
Alternatively, the naphthalene derivative 27h was prepared from benzyne precursor 4-Tf125 (45 
mg, 0.10 mmol), diyne 25h (17 mg, 0.049 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 
mg, 0.10 mmol), and chlorobenzene (2.5 mL) following general procedure D. Purification of the 
crude material by MPLC (hexanes:EtOAc, 20:1) afforded naphthalene 27h (16 mg, 0.040 mmol, 
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Following general procedure A, bromoalkyne S2 (0.15 g, 0.50 mmol), 1-ethynyl-2-
methoxynaphthalene161 (0.14 g, 0.75 mmol), CuCl (5.0 mg), nBuNH2:H2O (2.5 mL), and DCM 
(2.5 mL) were used to prepare diyne 25i. Purification of the crude material by flash 
chromatography (hexanes:EtOAc, 4:1) provided diyne 25i (0.11 g, 0.28 mmol, 56%) as a white 
crystalline solid. 
1H NMR (500 MHz, CDCl3): δ 8.19 (dd, J = 8.4, 1.1 Hz, 1H, H8), 7.86 (d, J = 9.1 Hz, 1H, H4), 
7.78 (d, J = 8.2 Hz, 1H, H5), 7.56 (ddd, J = 8.2, 6.8, 1.2 Hz, 1H, H6 or H7), 7.39 (ddd, J = 8.1, 
6.8, 1.2 Hz, 1H, H7 or H6), 7.23 (d, J = 9.1 Hz, 1H, H3), 5.12 (br s, 1H, TfNH), 4.03 (s, 3H, 
OCH3), and 1.79 [s, 6H, C(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 161.6, 135.4, 131.7, 128.5, 128.4, 128.1, 125.1, 124.7, 119.2 (q, 
J = 322 Hz), 112.4, 104.2, 84.1, 81.7, 75.0, 69.3, 56.7, 54.1, and 30.6. 
IR (neat): 3291, 3065, 2990, 2944, 2844, 2229, 1621, 1590, 1510, 1431, 1363, 1271, 1196, 1068, 
995, and 809 cm-1. 
HRMS (ESI-TOF): Calcd for C19H16F3NNaO3S+ [M+Na+] requires 418.0695; found 418.0702. 
m.p. 152–154 °C. 
______________________________________________________________________________ 
(±)-5-(2-Methoxynaphthalen-1-yl)-2,2-dimethyl-1-((trifluoromethyl)sulfonyl)-1,2-
dihydrobenzo[cd]indol-4-yl 4-methylbenzenesulfonate (27i) 
 
Following general procedure C, diyne 25i (20 mg, 0.051 mmol), benzyne precursor 4-Ts125 (47 
mg, 0.10 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 mg, 0.10 mmol), and 
chlorobenzene (2.5 mL) were used to prepare binaphthol derivative 27i. Purification of the crude 
                                                
161 Zheng, S. C.; Wang, Q.; Zhu, J. Catalytic Atropenantioselective Heteroannulation between 
Isocyanoacetates and Alkynyl Ketones: Synthesis of Enantioenriched Axially Chiral 3-Arylpyrroles. 
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material by MPLC (hexanes:EtOAc, 6:1) provided, in the order of elution, binaphthol derivative 
27i (13 mg, 0.021 mmol, 40%) as a yellow crystalline solid and 27i’ (6.1 mg, mixture of 
regioisomers and diastereoisomers, 0.010 mmol, 21% yield) as a white amorphous solid.  
Data for 27i 
The regiochemistry is determined by nOe and HMBC correlations as shown in the above scheme. 
1H NMR (500 MHz, CDCl3) δ 8.19 (dd, J = 8.5, 1.2 Hz, 1H, H8’), 7.86 (d, J = 9.1 Hz, 1H, H4’), 
7.81 (d, J = 8.1 Hz, 1H, H5’), 7.73 (nfod, J = 8.4 Hz, 2H, SO2ArHo), 7.61 (ddd, J =8.1, 6.7, 1.3 
Hz, 1H, H7’), 7.424 (ddd, J = 8.0, 6.8, 1.1 Hz, 1H, H6’ ), 7.418 (d, J = 8.2 Hz, 1H, H8), 7.29 
(nfod, J = 8.2 Hz, 2H, SO2ArHm), 7.264 (d, J = 9.2 Hz, 1H, H3’), 7.258 (dd, J = 8.2, 8.2 Hz, 1H, 
H7), 7.19 (dd, J = 8.3, 0.8 Hz, 1H, H6), 6.79 (s, 1H, ArH), 4.02 (s, 3H, OCH3), 2.37 (s, 3H, 
TsCH3), 2.08 [s, 3H, C(CH3)a], and 1.96 [s, 3H, C(CH3)b]. 
13C NMR (126 MHz, CDCl3) δ 159.8, 147.8, 146.2, 146.1, 142.0, 134.2, 132.3, 131.0, 130.8, 
129.9, 128.9, 128.6, 128.4, 127.8, 125.2, 124.6, 119.9 (q, J = 326 Hz), 119.9, 119.1, 113.3 (q, J = 
1.4 Hz), 112.4, 106.3, 104.2, 97.0, 95.4, 76.9, 56.4, 27.2, 22.9 (q, J = 2.4 Hz), and 21.8. 
IR (neat): 2974, 2931, 2853, 1597, 1563, 1512, 1459, 1378, 1341, 1269, 1193, 1068, 1007, 880 
and 775 cm-1.  
HRMS (ESI-TOF): Calcd for C32H26F3NNaO6S2+ [M+Na+] requires 664.1046; found 664.1029.  
m.p. 242–244 °C. 
______________________________________________________________________________ 
Data for 27i’ (mixture of multiple regioisomers and diastereoisomers) 
Due to the complexity of the spectral data, only partial characterization and peak assignments are 
listed. 
1H NMR (500 MHz, CDCl3) δ 8.06–8.01 (m, 1H, ArH), 7.93–7.88 (m, 1H, ArH), 7.51–7.45 (m, 
1H, ArH), 7.39–7.33 (m, 1H, ArH), 7.31–7.26 (m, 1H, ArH), 7.25–7.21 (m, 1H, ArH), 7.21–7.13 
(m, 1H, ArH), 7.10–6.56 (m, 5H, ArH  and  alkene-H), 6.39 (ddd, J = 2.3, 6.3, 6.3 Hz, 0.4H, 
alkene-H), 5.22 (m, 0.2H, bridgehead-H), 5.09 (ddd, J = 1.5, 2.3, 6.0 Hz, 0.4H, bridgehead-H), 
4.51–4.45 (m, 0.8H, bridgehead-Hs), 4.40 (tt, J = 2.4, 2.4, 5.6 Hz, 0.3H, bridgehead-H), 3.81, 
3.79, 3.78, 3.75 (four singlets, ca. 0.35H each, OCH3), 3.80, 3.77 (two singlets, 0.6H each, OCH3), 
2.51 (q, J = 0.9 Hz, 0.45H, CMeCH3), 2.50 (q, J = 0.9 Hz, 0.45H, CMeCH3), 2.48 (s, 0.45H, 
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CMeCH3), 2.47 (s, 0.45H, CMeCH3), 2.26 (q, J = 0.8 Hz, 0.8H, CMeCH3), 2.24 (s, 0.8H, 
CMeCH3), 2.19 (q, J = 0.9 Hz, 0.4H, CMeCH3), 2.17 (q, J = 0.9 Hz, 0.3H, CMeCH3), 2.16 (s, 
0.5H, CMeCH3), 2.15 (q, J = 0.9 Hz, 0.5H, CMeCH3), 2.14 (s, 0.5H, CMeCH3), and 2.13 (s, 1.0H, 
CMeCH3). 





Naphthalene derivatives 29 was prepared from benzyne precursor 28125 (46 mg, 0.10 mmol), 
diyne 25a (20 mg, 0.049 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 mg, 0.10 mmol), 
and chlorobenzene (2.5 mL) following general procedure D. Purification of the crude material by 
MPLC (hexanes:EtOAc, 20:1) afforded naphthalene 29 (21 mg, 0.042 mmol, 86%) as a pale-
yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.11 (s, 1H, H1), 7.04 (s, 1H, H3), 4.19 (dt, J = 10.5, 5.0 Hz, 1H, 
OCHaHb), 4.15 (dt, J = 10.5, 5.0 Hz, 1H, OCHaHb), 2.97 (ddd, J = 16.6, 6.5, 6.5 Hz, 1H, 
ArCHaHb), 2.96 (dd, J = 16.6, 6.5, 6.5 Hz, 1H, ArCHaHb), 2.51 (s, 3H, ArCH3), 2.10 (br app pent, 
J = 6 Hz, 2H, CH2CH2CH2), 2.05 [s, 3H, C(CH3)a], 2.02 [s, 3H, C(CH3)b], 0.94 [s, 9H, 
SiC(CH3)3], 0.50 [s, 3H, Si(CH3)a], and 0.44 [s, 3H, Si(CH3)b]. 
13C NMR (126 MHz, CDCl3) δ 160.1, 150.9, 140.3, 139.2, 132.3, 120.2 (q, J = 328 Hz), 119.9, 
119.0, 114.4, 110.8, 107.5 (q, J = 1.4 Hz), 80.2, 65.7, 31.7, 29.3, 27.6 (q, J = 2.5 Hz), 23.1, 21.7, 
21.4, 18.8, 3.2, and 2.3. 
IR (neat): 2934, 2894, 2858, 1758, 1626, 1607, 1558, 1400, 1370, 1249, 1199, 1141, 1071, 1017, 
and 823 cm-1.  
HRMS (ESI-TOF): Calcd for C24H32F3NNaO3SSi+ [M+Na+] requires 522.1716; found 522.1722.  






























Naphthalene derivatives 31 was prepared from benzyne precursor 30125 (48 mg, 0.10 mmol), 
diyne 25e (18 mg, 0.050 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 mg, 0.10 mmol), 
and chlorobenzene (2.5 mL) following general procedure D. Purification of the crude material by 
MPLC (hexanes:EtOAc, 20:1) afforded naphthalene 31 (18 mg, 0.039 mmol, 77%) as a pale-
yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.40 (d, J = 1.2 Hz, 1H, H5), 7.26 (s, 1H, H3), 6.84 (dd, J = 6.5, 
6.5 Hz, 1H, H12a), 6.82 (dd, J = 6.5, 6.5 Hz, 1H, H12b), 6.66 (dd, J = 6.6, 1.2 Hz, 1H, H13a), 6.65 
(dd, J = 6.6, 1.2 Hz, 1H, H13b), 5.12 (tt, J = 6.0, 1.5 Hz, 1H, H11), 2.91 (ddd, J = 16.4, 5.9, 5.9 
Hz, 1H, ArCHaHb), 2.89 (ddd, J = 16.4, 6.0, 6.0 Hz, 1H, ArCHaHb), 2.54 (ddd, J = 13.5, 5.3, 5.3 
Hz, 1H, CCHaHb), 2.52 (ddd, J = 13.6, 5.3, 5.3 Hz, 1H, CCHaHb), 2.07 [q, J = 1.1 Hz, 3H, 
C(CH3)a], 2.03 (br app pent, J = 6 Hz, 2H, CH2CH2CH2), and 2.02 [s, 3H, C(CH3)b]. 
13C NMR (126 MHz, CDCl3) δ 145.8, 145.4, 145.3, 140.0, 138.39, 138.37, 135.8, 134.0, 131.9, 
127.8, 126.6, 121.8, 120.0 (q, J = 326 Hz), 116.4, 109.4 (q, J = 1.2 Hz), 79.1, 51.3, 43.8, 31.5, 
30.6, 26.4 (q, J = 2.6 Hz), 24.4, and 21.0. 
IR (neat): 3067, 2998, 2934, 2860, 1739, 1606, 1496, 1405, 1384, 1223, 1201, 1145, 1090, 964, 
and 892 cm-1.  
HRMS (ESI-TOF): Calcd for C23H1935ClF3NNaO2S+ [M+Na+] requires 488.0669; found 
488.0672.  
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Naphthalene derivative 33 was prepared from benzyne precursor 32125 (46 mg, 0.10 mmol), diyne 
25h (17 mg, 0.049 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 mg, 0.10 mmol), and 
chlorobenzene (2.5 mL) following general procedure D. Purification of the crude material by 
MPLC (hexanes:EtOAc, 20:1) afforded naphthalene 33 (12 mg, 0.028 mmol, 58%) as a pale-
yellow crystalline solid.  
1H NMR (500 MHz, CDCl3) δ 8.19 (dd, J = 7.2, 1.3 Hz, 1H, H11), 7.71 (dd, J = 10.1, 1.6 Hz, 1H, 
H1), 7.68 (dd, J = 7.7, 0.8 Hz, 1H, H8), 7.52 (ddd, J = 7.4, 7.4, 1.3 Hz, 1H, H9), 7.49 (ddd, J = 
7.2, 7.2, 1.0 Hz, 1H, H10), 7.40 (s, 1H, ArH), 7.21 (dd, J = 9.8, 1.3 Hz, 1H, H3), 2.03 [s, 3H, 
C(CH3)a], and 2.01 [s, 3H, C(CH3)b]. 
13C NMR (126 MHz, CDCl3) δ 164.7 (q, J = 248 Hz), 157.3, 156.2, 144.8 (d, J = 1.8 Hz), 141.8 
(d, J = 15 Hz), 126.6, 126.5, 124.1, 123.8, 121.5, 120.0 (q, J = 325 Hz), 119.7, 116.4 (d, J = 5.5 
Hz), 112.1, 102.4 (d, J = 2.7 Hz), 102.2 (d, J = 25 Hz), 99.2 (dq, J = 34, 1.5 Hz), 79.2, 31.7, and 
27.2 (q, J = 2.7 Hz).   
19F NMR (471 MHz, CDCl3) δ -74.2, and -105.7 (dd, J = 10.0, 10.0 Hz). 
IR (neat): 3070, 2981, 2940, 1737, 1637, 1608, 1404, 1386, 1354, 1296, 1198, 1134, 1089, 1051, 
985, and 840 cm-1.  
HRMS (ESI-TOF): Calcd for C20H13F4NNaO3S+ [M+Na+] requires 446.0444; found 446.0460.  






























  465 
 
 
Following general procedure C, diyne 22 (20 mg, 0.050 mmol), benzyne precursor 34125 (48 mg, 
0.10 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 mg, 0.10 mmol), and chlorobenzene 
(2.5 mL) were used to prepare naphthalene 35. Purification of the crude material by MPLC 
(hexanes:EtOAc, 20:1) provided naphthalene 35 (12 mg, 0.025 mmol, 49%) as a white 
amorphous solid. 
The constitution is assigned on the basis of the nOe correlation indicated in structure 35. 
1H NMR (500 MHz, CDCl3) δ 7.15 (d, J = 7.7 Hz, 1H, H2), 6.99 (d, J = 7.8 Hz, 1H, H3), 4.59 
(ddd, J = 9.3, 8.5, 8.5 Hz, 1H, OCHaHb), 4.57 (ddd, J = 9.6, 9.6, 8.5 Hz, 1H, OCHaHb), 3.71 (ddd, 
J = 14.9, 8.4, 8.4 Hz, 1H, ArCHaHb), 3.70 (ddd, J = 14.9, 9.2, 8.5 Hz, 1H, ArCHaHb), 2.66 (s, 3H, 
ArCH3), 2.02 [s, 3H, C(CH3)a], 2.00 [s, 3H, C(CH3)b], 0.93 [s, 9H, SiC(CH3)3], 0.53 [s, 3H, 
Si(CH3)a], and 0.49 [s, 3H, Si(CH3)b]. 
13C NMR (126 MHz, CDCl3) δ 166.5, 137.7, 130.5 (x2), 129.9, 125.9, 122.8, 120.2 (q, J = 327 
Hz), 115.9, 113.1, 104.8 (q, J = 1.5 Hz), 78.9, 70.2, 31.9, 30.9, 28.8, 27.8 (q, J = 2.6 Hz), 20.8, 
18.8, 1.9, and 1.1. 
IR (neat): 2956, 2933, 2895, 2858, 1742, 1620, 1553, 1399, 1315, 1259, 1136, 988, and 821 cm-1.  
HRMS (ESI-TOF): Calcd for C23H30F3NNaO3SSi+ [M+Na+] requires 508.1560; found 508.1546.  
______________________________________________________________________________ 
(±)-(7S)-6-((S)-2-methoxyphenyl)-1,1,5,8,11-pentamethyl-2-((trifluoromethyl)sulfonyl)-
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Following general procedure C, diyne 25h (18 mg, 0.052 mmol), benzyne precursor 34125 (48 mg, 
0.10 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 mg, 0.10 mmol), and para-xylene (2.5 
mL) were used to prepare naphthalene 38. Purification of the crude material by MPLC 
(hexanes:EtOAc, 20:1) provided naphthalene 38 (21 mg, 0.039 mmol, 75%) as a pale-yellow 
amorphous solid. 
NMR data for this compound indicate that it exists as an ca. 1:1:1:1 mixture of slowly 
interconverting atropisomeric (biaryl) invertomers (NTf) on the NMR time scale. 
1H NMR (500 MHz, CDCl3) δ 7.48–7.43 (m, 1H, ArH), 7.13–7.09 (m, 1H, ArH), 7.09–7.00 (m, 
4H, ArH), 6.32–6.25 (four overlapping br d, 1H, alkenyl-H), 6.23–6.17 (four overlapping br d, 
1H, alkenyl-H), 4.76 (dd, J = 6.0, 1.9 Hz, 0.5H, bridgehead-H10), 4.75 (dd, J = 6.0, 1.9 Hz, 0.5H, 
bridgehead-H10’), 4.07 (dd, J = 6.5, 1.7 Hz, 0.5H, bridgehead-H7), 4.06 (dd, J = 6.3, 1.8 Hz, 
0.5H, bridgehead-H7’), 3.78 (s, 0.75H, A-OCH3), 3.771 (s, 0.75H, B-OCH3), 3.766 (s, 0.75H, C-
OCH3), 3.75 (s, 0.75H, D-OCH3), 2.15 [q, J = 1 Hz, 0.75H, A-C(CH3)], 2.14 [q, J = 1 Hz, 0.75H, 
B-C(CH3)], 2.13 [s, 0.75H, A-C(CH3)], 2.11 [br s, 1.5H, B-C(CH3), C-C(CH3)], 2.082 [q, J = 1 
Hz, 0.75H, D-C(CH3)], 2.075 [s, 0.75H, C-C(CH3)], 2.04 [s, 0.75H, D-C(CH3)], 1.931 (br s, 
0.75H, A-ArCH3), 1.927 (br s, 0.75H, B-ArCH3), 1.924 (br s, 0.75H, C-ArCH3), 1.921 (br s, 
0.75H, D-ArCH3), 1.83 (br s, 1.5H, alkenyl-CH3), 1.81 (br s, 1.5H, alkenyl-CH3), 1.754 (d, J = 
1.8 Hz, 0.75H, alkenyl-CH3), 1.746 (d, J = 1.8 Hz, 0.75H, alkenyl-CH3), 1.696 (d, J = 1.8 Hz, 
0.75H, alkenyl-CH3), and 1.695 (d, J = 1.7 Hz, 0.75H, alkenyl-CH3). 
13C NMR (126 MHz, CDCl3) δ 157.89, 157.87, 157.82, 157.78, 150.73, 150.71, 150.68, 150.64, 
148.40 (2x), 148.19, 148.14, 148.06, 148.00, 147.76 (2x), 137.42 (2x), 137.40, 137.39, 135.23, 
135.21, 135.05, 135.03, 134.53, 133.28, 133.26, 132.51, 132.40, 132.26, 132.14, 131.70, 131.69, 
131.66, 131.64, 130.76, 130.28, 130.26, 130.22, 130.19, 129.88, 129.86, 129.73, 129.67, 129.65 
(2x), 129.61, 129.35, 129.33, 129.31, 129.30, 129.29 (4x), 126.99, 126.97, 126.93, 126.89, 
126.60, 126.58, 126.57, 126.55, 124.43, 124.35, 124.28, 124.22, 120.38, 120.31, 120.22, 120.2 
(four nearly identical chemical shift q, J = ca. 326 Hz), 120.18, 110.73, 110.72, 110.24 (2x), 
107.81 (br m, 4x, C3), 77.45, 77.43, 77.40 (and perhaps hidden by a CDCl3 line), 55.63, 55.57, 
55.32, 55.23, 51.64, 51.61, 51.61, 51.59, 49.10, 49.05, 48.96, 48.91, 31.21, 31.05, 30.65, 30.50, 
27.1 (q, J = 2.6 Hz), 26.9 (q, J = 2.5 Hz), 26.5 (q, J = 2.6 Hz), 26.3 (q, J = 2.6 Hz), 21.55, 21.52, 
21.35, 21.31, 19.21, 19.17, 19.16, 19.15 (2x), 19.13, 19.09, and 19.07.  
19F NMR (471 MHz, CDCl3) δ -73.9, -73.98, -74.05, -74.2. 
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IR (neat): 2991, 2964, 2932, 2852, 1769, 1612, 1487, 1462, 1401, 1384, 1201, 1138, 973 cm-1.  




Following general procedure A, (but-3-yn-1-yloxy)(tert-butyl)dimethylsilane (0.40 g, 1.5 mmol), 
1,2-diethynyl-benzene (0.19 g, 1.5 mmol), CuCl (7.5 mg), nBuNH2:H2O (7.5 mL), and DCM (7.5 
mL) were used to prepare crude triyne S5. The crude material was passed through a short pad of 
silica gel (hexanes:EtOAc, 10:1), and the filtrate was collected and concentrated. The residue 
(0.27 g, ca. 0.88 mmol) was used directly in the following step without further purification. 
Following general procedure B, the above crude triyne S5 (0.27 g, ca. 0.88 mmol), NBS (0.18 g, 
1.0 mmol), silver nitrate (17 mg, 0.10 mmol), and acetone (10 mL) were used to prepare 
bromoalkyne S6. Purification of the crude mixture by MPLC (hexanes:EtOAc, 50:1) afforded 
bromoalkyne S6 (0.24 g, 0.62 mmol, 41% over two steps) as a yellowish oil. 
1H NMR (500 MHz, CDCl3): δ 7.47–7.44 (nfom, 1H, ArHo), 7.44–7.42 (nfom, 1H, ArHo), 7.29–
7.26 (m, 2H, ArHm), 3.80 (t, J = 7.0 Hz, 2H, OCH2), 2.60 (t, J = 7.0 Hz, 2H, ºCCH2), 0.92 [s, 9H, 
SiC(CH3)3], and 0.10 [s, 6H, Si(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 133.2, 132.7, 128.6, 128.4, 126.3, 125.3, 83.2, 78.5, 78.2, 73.1, 
66.4, 61.5, 54.4, 26.0, 24.3, 18.5, and -5.1. 
IR (neat): 3063, 2953, 2928, 2855, 2240, 2198, 1471, 1442, 1384, 1253, 1103, 907, 835, 777, and 
756 cm-1. 


















41% in 2 steps
S5 S6
  468 
 
 
Following general procedure A, alkyne S1 (0.10 g, 80 wt%, 0.39 mmol), bromotriyne S6 (0.10 g, 
0.26 mmol), CuCl (2.6 mg), nBuNH2:H2O (2.0 mL), and DCM (2.0 mL) were used to prepare 
tetrayne 39. Purification of the crude mixture by MPLC (hexanes:EtOAc, 9:1) afforded tetrayne 
39 (65 mg, 0.12 mmol, 48%) as a yellow-brown oil. 
1H NMR (500 MHz, CDCl3): δ 7.49–7.48 (nfom, 1H, ArHo), 7.48–7.46 (nfom, 1H, ArHo), 7.33–
7.27 (m, 2H, ArHm), 5.10 (br s, 1H, TfNH), 3.80 (t, J = 7.1 Hz, 2H, OCH2), 2.61 (t, J = 7.0 Hz, 
2H, ºCCH2), 1.77 [s, 6H, C(CH3)2], 0.91 [s, 9H, SiC(CH3)3], and 0.10 [s, 6H, Si(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 133.45, 133.44, 129.2, 128.7, 125.9, 124.8, 119.2 (q, J = 323 Hz), 
83.65, 83.57, 78.7, 77.8, 76.5, 72.8, 68.9, 66.3, 61.5, 53.8, 30.6, 26.0, 24.3, 18.5, and -5.2. 
IR (neat): 3288, 2954, 2930, 2857, 2241, 1427, 1363, 1193, 1136, 994, 909, 834, and 756 cm-1. 





Following general procedure C, tetrayne 39 (25 mg, 0.048 mmol), benzyne precursor 4-Ts125 (47 
mg, 0.10 mmol), K2CO3 (55 mg, 0.40 mmol), 18-crown-6 (26 mg, 0.10 mmol), and 
chlorobenzene (2.5 mL) were used to prepare anthracene 40. Purification of the crude material by 
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1H NMR (500 MHz, CDCl3) δ 8.26 (d, J = 7.6 Hz, 1H, H10), 8.23 (d, J = 8.6 Hz, 1H, H11), 8.17 
(d, J = 7.8 Hz, 1H, H7), 7.55 (dd, J = 8.3, 7.5 Hz, 1H, H12), 7.42 (dd, J = 7.5, 7.5 Hz, 1H, H9), 
7.31 (dd, J = 7.7, 7.7 Hz, 1H, H8), 7.30 (d, J = 7.5 Hz, 1H, H13), 4.76 (ddd, J = 10.6, 9.3, 7.7 Hz, 
1H, OCHaHb), 4.68 (ddd, J = 10.6, 9.1, 9.1 Hz, 1H, OCHaHb), 3.79 (ddd, J = 14.7, 9.3, 9.3 Hz, 1H, 
ArCHaHb), 3.74 (ddd, J = 14.7, 9.6, 7.3 Hz, 1H, ArCHaHb), 2.28 [s, 3H, C(CH3)a], 2.27 [s, 3H, 
C(CH3)b], 1.19 [s, 9H, SiC(CH3)3], and 0.54 [s, 6H, Si(CH3)2]. 
13C NMR (126 MHz, CDCl3) δ 166.6, 148.4, 140.7, 140.0, 139.0, 137.7, 131.18, 131.16, 128.8, 
128.5, 128.1, 125.9, 125.6, 125.3, 124.0, 123.2, 120.9, 120.2 (q, J = 326 Hz), 117.8, 112.1, 106.4 
(q, J = 1.4 Hz), 79.6, 70.2, 34.5, 31.4, 28.3, 27.5 (q, J = 2.7 Hz), 19.8, and 0.2. 
IR (neat): 2954, 2928, 2856, 1568, 1466, 1403, 1383, 1264, 1199, 1142, 992, and 755 cm-1. 
HRMS (APCI+): Calcd for C31H34NOSi+ [M–Tf+2H]+ requires 464.2404; found 464.2400. The 
major ion observed represents the Tf deprotected derivative of 40. 




To a stirred solution of ((4,6-dimethoxy-1,3-phenylene)bis(ethyne-2,1-
diyl))bis(trimethylsilane)162 (0.33 g, 1.0 mmol) in MeOH (10 mL) was added potassium carbonate 
(0.21 g, 1.5 mmol). The solution was stirred for 1 hour, and filtered. The filtrate was concentrated, 
and the residue was directly subjected to flash column chromatography (hexanes:EtOAc, 4:1) to 
afford diyne S7 (0.16 g, 0.87 mmol, 87%) as a brownish crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.55 (s, 1H, H6), 6.40 (s, 1H, H3), 3.93 (s, 6H, OCH3), and 3.23 (s, 
2H, ºCH). 
13C NMR (126 MHz, CDCl3) δ 162.5, 139.3, 103.8, 94.7, 80.3, 79.1, and 56.2. 
                                                
162 Shultz, D. A.; Lee, H.; Kumar, R. K.; Gwaltney, K. P. Cross-Conjugated Bis(Porphryin)s: Synthesis, 
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IR (neat): 3015, 2979, 2943, 1596, 1561, 1498, 1465, 1433, 1384, 1296, 1209, 1105, 1019, 902, 
and 821 cm-1. 
LRMS (APCI+): Calcd for C12H11O2+ [M+H+] requires 187.0754; found 187.1. ESI HRMS signal 
was not seen. 





Following general procedure A, diyne S7 (93 mg, 0.50 mmol), bromoalkyne S2 (0.35 g, 1.2 
mmol), CuCl (10 mg), nBuNH2:H2O (5.0 mL), and DCM (5.0 mL) were used to prepare tetrayne 
41. Purification of the crude mixture by MPLC (hexanes:EtOAc, 1:1) afforded tetrayne 41 (0.12 g, 
0.20 mmol, 39%) as a pale yellow crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 7.51 (s, 1H, H2), 6.36 (s, 1H, H3), 5.04 (br s, 2H, TfNH), 3.93 (s, 
6H, OCH3), and 1.77 [s, 6H, C(CH3)2]. 
13C NMR (126 MHz, CDCl3): δ 164.2, 140.0, 123.0, 120.5, 117.9, 115.4, 103.3, 94.8, 82.9, 75.8, 
75.1, 69.0, 56.3, 53.9, and 30.6. 
IR (neat): 3277, 2987, 2971, 2883, 2839, 2240, 1602, 1557, 1470, 1431, 1354, 1338, 1196, 1133, 
1024, and 995 cm-1. 
HRMS (ESI-TOF): Calcd for C24H22F6N2NaO6S2+ [M+Na+] requires 635.0716; found 635.0723. 
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Benzobisnaphthofuran derivative 42 was prepared from benzyne precursor 4-Tf125 (46 mg, 0.10 
mmol), tetrayne 41 (30 mg, 0.049 mmol), K2CO3 (0.11 g, 0.80 mmol), 18-crown-6 (52 mg, 0.20 
mmol), and chlorobenzene (2.5 mL) following general procedure D. After 1 hour, additional 
amount of benzyne precursor 4-Tf (46 mg, 0.10 mmol) was added to the suspension, which was 
stirred for another 1 hour at 130 °C. Purification of the crude material by MPLC (hexanes:EtOAc, 
15:1) afforded 42 (17 mg, 0.023 mmol, 46%) as a white crystalline solid.  
1H NMR (500 MHz, CDCl3) δ 9.05 (s, 1H, H4), 8.34 (d, J = 8.2 Hz, 2H, H8), 7.96 (s, 1H, H19), 
7.85 (dd, J = 8.1, 8.1 Hz, 2H, H9), 7.52 (s, 2H, H15), 7.50 (d, J = 7.8 Hz, 2H, H10), 2.07 [br s, 
6H, C(CH3)a], and 2.06 [s, 6H, C(CH3)b]. 
13C NMR (126 MHz, CDCl3) δ 157.6, 155.3, 145.0, 140.4, 130.8, 126.6, 123.0, 121.8, 120.1 (q, J 
= 325 Hz), 117.3, 116.2, 113.2, 107.8 (q, J = 1.6 Hz), 103.2, 96.1, 78.1, 31.9, and 27.4 (q, J = 2.4 
Hz). 
IR (neat): 3081, 2957, 2928, 2858, 1602, 1591, 1424, 1385, 1345, 1206, 1139, 1000, 845, and 
753 cm-1.  
HRMS (APCI+): Calcd for C33H24F3N2O4S+ [M–Tf+2H]+ requires 601.1403; found 601.1397. 
The major ion observed represents the mono Tf deprotected derivative of 42. 
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Computational methods and results 
The DFT calculations were performed using Gaussian 09. The geometry of each structure was 
optimized at the SMD(chlorobenzene)/B3LYP/6-31G(d,p) level of theory in the gas phase. The 
nature of the optimized structure was verified by frequency calculation (298K, at the same level 
of theory).  
Listed are the sum of the electronic and thermal free energies, the Cartesian coordinates at 
SMD(chlorobenzene)/B3LYP/ 6-31G(d,p) for each structure shown in Figure 4. Three 
dimensional views were prepared using CYLview. 
5-Tf 
 
Sum of electronic and thermal Free Energies=        -1191.670983 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number   Number     Type             X                    Y                    Z 
 --------------------------------------------------------------------- 
      1          6           0        1.409473   -0.167664   -0.374474 
      2          6           0        1.658495    1.139167    0.014584 
      3          6           0        2.856180    1.415273    0.272001 
      4          6           0        4.057774    0.759727    0.259755 
      5          6           0        3.805577   -0.573821   -0.144778 
      6          6           0        2.514762   -1.032807   -0.450228 
      7         16           0       -1.074256   -0.829693    0.285667 
      8          8           0       -1.856719   -1.967804   -0.164372 
      9          8           0       -0.596847   -0.692194    1.652720 
     10         6           0       -2.058757    0.706737   -0.141156 
     11         9           0       -2.346973    0.701993   -1.437936 
     12         9           0       -3.181274    0.682533    0.573643 
     13         9           0       -1.354126    1.792846    0.163518 
     14         1           0        5.041041    1.137818    0.506659 
     15         1           0        4.644412   -1.261261   -0.212572 
     16         1           0        2.361908   -2.063077   -0.755147 
     17         8           0        0.156197   -0.666802   -0.790454 
 --------------------------------------------------------------------- 
______________________________________________________________________________ 




Sum of electronic and thermal Free Energies=        -1787.571837 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number    Number    Type             X                     Y                    Z 
--------------------------------------------------------------------- 
      1          6           0       -1.186793   -0.647500   -0.573950 
      2          6           0        0.064366   -0.067999   -0.266210 
      3          6           0        1.295894   -0.790533   -0.301110 
      4          6           0        1.186909   -2.147581   -0.728085 
      5          6           0       -0.048125   -2.689569   -1.034034 
      6          6           0       -1.268635   -1.967707   -0.954501 
      7          6           0       -0.080379    1.305341    0.034821 
      8          6           0        1.108520    1.969005    0.290119 
      9          6           0        2.141275    1.236671    0.253763 
     10          6           0        2.520298   -0.060807    0.050824 
     11          7           0       -2.173438    0.377090   -0.414582 
     12          6           0       -1.536891    1.733050   -0.038232 
     13          6           0       -2.035761    2.248839    1.316218 
     14          6           0       -1.745214    2.761842   -1.158808 
     15         16           0       -3.792412    0.124291   -0.613910 
     16          8           0       -4.480879    1.411684   -0.606550 
     17          8           0       -4.017408   -0.863091   -1.667161 
     18          6           0       -4.341058   -0.741815    0.962316 
     19          9           0       -4.127714    0.039421    2.022176 
     20          9           0       -5.645285   -1.003053    0.863338 
     21          9           0       -3.669136   -1.885391    1.115474 
     22          6           0        3.894008   -0.563877    0.168258 
     23          6           0        4.957295    0.374869    0.072111 
     24          6           0        6.287661   -0.038056    0.176206 
     25          6           0        6.580362   -1.384205    0.406140 
     26          6           0        5.552420   -2.314258    0.549166 
     27          6           0        4.225373   -1.901086    0.435605 
     28          8           0        4.579737    1.668633   -0.112810 
     29          6           0        5.574884    2.693703   -0.142518 
     30          1           0        2.070225   -2.758362   -0.855451 
     31          1           0       -0.092810   -3.722782   -1.366128 
     32          1           0       -2.203928   -2.446828   -1.209480 
     33          1           0       -1.449431    3.133180    1.583063 
     34          1           0       -3.088005    2.537001    1.272276 
     35          1           0       -1.897761    1.498728    2.098378 
     36          1           0       -1.120489    3.635491   -0.949053 
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     37          1           0       -1.443221    2.349304   -2.125353 
     38          1           0       -2.786665    3.081933   -1.215394 
     39          1           0        7.092685    0.681151    0.085104 
     40          1           0        7.617577   -1.695514    0.487505 
     41          1           0        5.776635   -3.355216    0.758927 
     42          1           0        3.434879   -2.622842    0.595865 
     43          1           0        5.029259    3.630992   -0.258668 
     44          1           0        6.149299    2.717818    0.790065 





Sum of electronic and thermal Free Energies=        -1941.174211 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number   Number     Type             X                     Y                    Z 
 --------------------------------------------------------------------- 
      1          6           0        1.571133   -0.687210   -0.264966 
      2          6           0        0.457329   -0.040211    0.313538 
      3          6           0       -0.870186   -0.170292   -0.184245 
      4          6           0       -1.017559   -0.996297   -1.337469 
      5          6           0        0.085793   -1.619153   -1.888491 
      6          6           0        1.405501   -1.489467   -1.371100 
      7          6           0        0.850260    0.742620    1.423861 
      8          6           0       -0.213705    1.397182    2.002741 
      9          6           0       -1.372540    1.246939    1.523314 
     10          6           0       -1.946864    0.544584    0.499070 
     11          7           0        2.719060   -0.303604    0.501228 
     12          6           0        2.342459    0.627798    1.677550 
     13          6           0        3.034862    1.991643    1.576146 
     14          6           0        2.613618   -0.056887    3.025188 
     15         16           0        4.253387   -0.810276    0.162609 
     16          8           0        5.129801   -0.460397    1.276512 
     17          8           0        4.216546   -2.159703   -0.395920 
     18          6           0        4.811658    0.272267   -1.269940 
     19          9           0        4.906293    1.544805   -0.882118 
     20          9           0        6.008187   -0.153956   -1.676470 
     21          9           0        3.940668    0.182056   -2.277941 
     22          6           0       -3.373347    0.508227    0.088268 
     23          6           0       -3.963241    1.673220   -0.408032 
     24          6           0       -5.320150    1.678929   -0.822366 
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     25          6           0       -6.073565    0.532475   -0.732117 
     26          6           0       -5.529107   -0.669992   -0.217083 
     27          6           0       -4.157883   -0.683266    0.208136 
     28          8           0       -3.167506    2.774076   -0.477446 
     29          6           0       -3.713094    3.998534   -0.967513 
     30          1           0       -1.996682   -1.133313   -1.781471 
     31          1           0       -0.051361   -2.243983   -2.766381 
     32          1           0        2.227673   -2.007965   -1.845412 
     33          1           0        2.626915    2.642529    2.355241 
     34          1           0        4.111633    1.904788    1.733962 
     35          1           0        2.846541    2.459664    0.607162 
     36          1           0        2.163954    0.547021    3.819298 
     37          1           0        2.161130   -1.051820    3.053166 
     38          1           0        3.684020   -0.144647    3.215783 
     39          1           0       -5.764965    2.584429   -1.216133 
     40          1           0       -7.110791    0.542482   -1.055934 
     41          1           0       -2.898434    4.722890   -0.918935 
     42          1           0       -4.047958    3.905299   -2.007052 
     43          1           0       -4.543394    4.350175   -0.344534 
     44          6           0       -6.311641   -1.851270   -0.102578 
     45          6           0       -3.644104   -1.893113    0.759369 
     46          6           0       -4.431240   -3.018645    0.860435 
     47          6           0       -5.777677   -3.005800    0.421149 
     48          1           0       -6.383331   -3.903125    0.505517 
     49          1           0       -4.014973   -3.927135    1.286457 
     50          1           0       -7.346102   -1.820317   -0.434914 





Sum of electronic and thermal Free Energies=        -1442.080983 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number   Number     Type             X                     Y                    Z 
--------------------------------------------------------------------- 
      1          6           0       -0.700534    0.739842   -0.362583 
      2          6           0       -1.929070    0.139112   -0.013652 
      3          6           0       -3.138412    0.870044    0.150963 
      4          6           0       -3.048530    2.277696   -0.056150 
      5          6           0       -1.836618    2.846309   -0.397129 
      6          6           0       -0.633525    2.100799   -0.560708 
      7          6           0       -1.785084   -1.260310    0.136855 
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      8          6           0       -2.972239   -1.868280    0.472346 
      9          6           0       -4.027304   -1.187215    0.613777 
     10          6           0       -4.333519    0.137309    0.505601 
     11          7           0        0.271080   -0.310215   -0.423732 
     12          6           0       -0.357106   -1.695553   -0.139469 
     13          6           0        0.269991   -2.369555    1.085787 
     14          6           0       -0.294561   -2.590006   -1.386313 
     15         16           0        1.867455   -0.059003   -0.765464 
     16          8           0        2.510410   -1.344531   -1.020296 
     17          8           0        2.002520    1.067804   -1.685193 
     18          6           0        2.612411    0.560579    0.846395 
     19          9           0        2.571828   -0.395177    1.775533 
     20          9           0        3.881874    0.898332    0.617571 
     21          9           0        1.938529    1.627963    1.281363 
     22          1           0       -3.933939    2.896042    0.052857 
     23          1           0       -1.786853    3.919996   -0.553951 
     24          1           0        0.282950    2.605666   -0.834553 
     25          1           0       -0.300539   -3.275634    1.310583 
     26          1           0        1.305459   -2.657589    0.894641 
     27          1           0        0.230584   -1.715031    1.959505 
     28          1           0       -0.906869   -3.479302   -1.208076 
     29          1           0       -0.693772   -2.067795   -2.259983 
     30          1           0        0.728490   -2.905723   -1.594588 





Sum of electronic and thermal Free Energies=         -885.952070 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number   Number     Type             X                     Y                    Z 
--------------------------------------------------------------------- 
      1          6           0        2.819121    1.288357   -0.271680 
      2          6           0        1.686345    0.475094   -0.031112 
      3          6           0        0.336755    0.950208   -0.095445 
      4          6           0        0.198287    2.315063   -0.486090 
      5          6           0        1.311281    3.100806   -0.732639 
      6          6           0        2.637865    2.609076   -0.616274 
      7          6           0        2.081038   -0.867005    0.245552 
      8          6           0        0.990653   -1.694347    0.438262 
      9          6           0       -0.175638   -1.214378    0.385467 
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     10          6           0       -0.756015    0.009322    0.184155 
     11          6           0        3.594212   -1.015149    0.221485 
     12          6           0        4.123992   -1.499921    1.584343 
     13          6           0        4.023995   -1.998887   -0.884390 
     14          6           0       -2.195708    0.312311    0.243544 
     15          6           0       -3.137341   -0.685388   -0.128609 
     16          6           0       -4.509900   -0.423814   -0.068887 
     17          6           0       -4.966970    0.817943    0.378777 
     18          6           0       -4.061863    1.797594    0.780501 
     19          6           0       -2.692836    1.537358    0.714429 
     20          8           0       -2.615264   -1.875940   -0.529896 
     21          6           0       -3.501514   -2.939503   -0.874588 
     22          1           0       -0.786763    2.743639   -0.622653 
     23          1           0        1.161058    4.133442   -1.036582 
     24          1           0        3.478971    3.267476   -0.816258 
     25          1           0        3.725296   -2.491211    1.825860 
     26          1           0        5.217752   -1.568562    1.570647 
     27          1           0        3.836003   -0.815474    2.389150 
     28          1           0        3.614468   -2.997423   -0.696655 
     29          1           0        3.671695   -1.669447   -1.867489 
     30          1           0        5.116124   -2.081990   -0.923503 
     31          1           0       -5.224482   -1.181827   -0.365976 
     32          1           0       -6.035813    1.006358    0.421188 
     33          1           0       -4.413266    2.754421    1.153642 
     34          1           0       -1.994206    2.287343    1.066358 
     35          1           0       -2.862213   -3.783916   -1.136495 
     36          1           0       -4.142641   -3.218424   -0.030347 
     37          1           0       -4.124874   -2.677182   -1.737214 
     38          6           0        4.075975    0.454475   -0.098497 
     39          1           0        4.698275    0.478018   -1.000424 





Sum of electronic and thermal Free Energies=        -1710.178196 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number   Number     Type             X                     Y                    Z 
--------------------------------------------------------------------- 
      1          6           0       -1.284440   -0.395055    0.425930 
      2          6           0       -0.072590    0.371370    0.578427 
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      3          6           0        1.175340   -0.347860    0.289585 
      4          6           0        1.111677   -1.681358   -0.199594 
      5          6           0       -0.079331   -2.349931   -0.342652 
      6          6           0       -1.278740   -1.709576    0.004871 
      7          6           0       -0.054461    1.779412    0.989191 
      8          6           0        1.241194    2.217573    0.990960 
      9          6           0        2.301442    1.593357    0.755620 
     10          6           0        2.492217    0.279990    0.437738 
     11          7           0       -2.575469    0.179764    0.685500 
     12          6           0       -1.209032    2.662392    1.396744 
     13         16           0       -3.682449    0.545032   -0.495386 
     14          8           0       -4.295028    1.837974   -0.187298 
     15          8           0       -3.146472    0.222900   -1.813224 
     16          6           0       -5.045912   -0.693107   -0.166025 
     17          9           0       -5.447807   -0.586057    1.102339 
     18          9           0       -6.068373   -0.431108   -0.980727 
     19          9           0       -4.616117   -1.938290   -0.388371 
     20          6           0        3.800538   -0.396202    0.299119 
     21          6           0        4.854217    0.238281   -0.409869 
     22          6           0        6.108863   -0.375271   -0.505056 
     23          6           0        6.334415   -1.608684    0.109576 
     24          6           0        5.318901   -2.236864    0.827347 
     25          6           0        4.067645   -1.626571    0.917781 
     26          8           0        4.560233    1.440824   -0.971479 
     27          6           0        5.582740    2.138550   -1.680642 
     28          1           0        2.034526   -2.172243   -0.480466 
     29          1           0       -0.097634   -3.367820   -0.718456 
     30          1           0       -2.221577   -2.237143   -0.073913 
     31          1           0        6.911139    0.102563   -1.053828 
     32          1           0        7.314306   -2.070051    0.027200 
     33          1           0        5.496574   -3.187002    1.321022 
     34          1           0        3.283026   -2.099959    1.498935 
     35          1           0        5.125190    3.069782   -2.018162 
     36          1           0        6.437076    2.369319   -1.033626 
     37          1           0        5.926979    1.569694   -2.552274 
     38          1           0       -2.715137    0.733337    1.523487 
     39          1           0       -1.702722    2.304492    2.308775 
     40          1           0       -0.821001    3.658049    1.620572 
     41          1           0       -1.970581    2.770956    0.620932 
--------------------------------------------------------------------- 
  
  479 
 
Miscellaneous 
Sustainable polymers from CMF 
 
CMF (chloromethyl furfural), which is readily available from cellulosic biomass, can be 
viewed as a more practical alternative to hydroxymethyl furfural (HMF).163 Various 
transformations have been developed to access value-added materials from CMF. We 
hope to use some novel synthetic chemistry approach to incorporate CMF motif into a 
polymeric material.  
 
Knoevenagel condensation of furfural has been reported more than half century ago.164 
We envisioned that this high-yielding reaction could be used in polymerization of furfural 
derivatives. To this end, I have prepared several monomers that have furfural and/or 1,3-
dicarbonyl functionalities. Each monomer can be easily synthesized in a few steps from 
CMF. The 1,3-dicarboynl motif was installed via the corresponding acid chloride, which 
could be derived from malonic acid, another renewable source. 
                                                
163 Mascal, M. 5-(Chloromethyl)Furfural is the New HMF: Functionally Equivalent but More Practical in 
Terms of Its Production from Biomass. ChemSusChem 2015, 8, 3391–3395. 
164 Beyler, R. E.; Sarett, L. H. Approaches to Total Synthesis of Adrenal Steroids. II. 2,5- and 3,5-
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HDDA vs CB formation 
 
Dr Hang Shen and I have observed that the efficient o-quinone methides generation via 
HDDA-benzynes (Section 4.2) had been affected by a subtle change of the volume of R1. 
In fact, we would have predicted oppositely that the nucleophile could steer farther away 
from a larger R1 substituent, and thus be more proximal to the strained alkyne bond in the 
benzyne. Therefore, we suspected that the competing pathway might occur prior to the 
benzyne formation. Previously we have shown that [2+2] cycloaddition of certain 
polyyne precursors can outcompete the HDDA reaction, and cyclobutadiene (CB) 
intermediates instead of benzynes were generated. To probe this possibility, excess 
amount of DMAD, an activated dienophile, was added to the reaction of 1b/1c (see above 
Figure). In addition to the formation of 2b/2c (products derived from their corresponding 
o-quinone methides), thermally stable Dewar benzene derivatives 3/4 were observed, 
which can be rationalized by Diels–Alder trapping of the CB intermediates with the 
electron-deficient DMAD. Considering the diradical nature of the HDDA reaction, the 
steric interaction between the two bulky substituents on the alkyne terminus could affect 
the ring-closure step after the first bond formation. The substituents in 1b/1c are large 
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is conceivably less sterically congested. Other dienophiles were briefly tested to study the 
reactivity of the CB intermediate and help unambiguously assign the structure of the 
Dewar benzene derivatives. Besides DMAD, phenyl acetylene and maleimide can each 
serve as a good dienophile to trap the CB (5 and 6). The structure of 5 was confirmed by 
HMBC, NOESY, and HSQC analyses of one of the regioisomers. It is also noteworthy 
that the high thermal stability of Dewar benzenes 3–5 is consistent with other reported 
examples of highly substituted Dewar benzene derivatives.165  
We could further advance this study by a combination of experiments and computations. 
I suspect that when R and R’ are large enough, the rate-limiting step of the HDDA 
reaction is no longer the first bond formation, and the second TS may have a higher 
barrier. We could probe this by synthesizing a series of triyne 1 with various R and R’ 
differing in size, examining their cyclization half-lives and HDDA/CB ratios, and 
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